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Theme 


The  recent  Desen  Storm  operations  underscored  the  essential  need  for  space  systems  to  fight  and  win  a  theatre  war.  An 
emerging  concept  for  space  systems  currently  receiving  widespread  attention  for  the  90s  is  characterized  by  the  term  "TacSats  " 
(also  called  Cheap  Sats,  Light  Sats,  Small  Sats  etc.).  These  satellite  systems  are  characterized  by  relafively  low  costs  and 
lightweight  satellites  with  performance  capabilities  focused  at  meeting  theatre  command  requirements.  This  is  in  contrast  with 
complex,  heavy  satellites  focused  on  meeting  national  requirements.  The  TacSats  concept  may  be  particularly  appropnate  for 
the  cerreni  environment  of  declining  defence  budgets  and  conventional  force  reductions.  These  systems  offer  capabilities  which 
can  be  purchased  incrementally  in  contrast  to  traditional  space  systems  which  require  future  expendiwe.  Tiiey  can  be  launched 
by  smaller,  less  expensive  launch  vehicles,  perhaps  controlled  bv  the  local  theatre  commander. 

TacSats  may  offer  a  flexible  economical  solution  for  NATO's  surveillance,  communications,  and  command  and  control  needs  in 
the  90s.  In  an  environment  of  reduced  forces,  it  becomes  more  important  to  know  precisely  where  potential  enemy  forces  are 
located,  what  is  their  strength,  where  they  are  going,  etc.  This  is  vital  in  order  to  operate  effectively  with  smaller  forces.  Space 
systems  offer  an  effective  and  perhaps  the  only  means  of  performing  these  functions.  Affordable  TacSats  developed  for  NATO 
may  offer  a  way  to  counter  a  changing  threat  in  an  environment  of  reduced  budgets  and  force  structures. 

The  Symposium  addressed  the  following  topics: 

TacSats  Systems 

—  NATO  architecture  and  system  engineenng 
—  Payload  concepts  and  designs 
—  Spacecraft  bus  concept  and  designs 
—  Launch  vehicles  for  the  SATS 
—  .Mission  control  and  user  equipment 

Space  System  Technologies  of  the  Future 

—  EHF,  SHF.  UHF  antennas,  receivers 
—  Optics  and  electro  optics  components 
—  IR  detectors,  focal  planes,  coolers 
—  Materials  and  structures 
—  Communication  and  telemetry 
—  Data  processing,  on-board  processing 
—  Power  systems,  solar  cells,  batteries 
—  Built-in  test  and  non  destructive  testing 
—  PropuLsion  technologies. 
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Les  operations  recentes  «Tempeie  du  Desert*  ont  soutigne  le  besom  vital  de  se  doter  dc  systemes  spatiaux  suscepables  de  mener 
et  de  gagner  une  guerre  de  theatre.  Un  nouveau  concept  de  systemes  spatiaux  pour  les  annees  1990,  qui  suscite  beaucoup 
d'interet  a  I’heure  actuelle,  est  caracterise  par  le  terme  «TaeSats»  (appele  aussi  CheapSats.  LightSats.  SmallSats  etc.j.  Ces 
systemes  sont  caractenses  par  des  couts  relativement  modiques  et  des  satellites  legers  avec  des  performances  etudiees  pour 
repondre  aux  besoms  du  commandement  du  theatre,  par  opposition  aux  satellites  lourds  et  complexes  destines  a  satisfaire  aux 
besoins  nationaux. 

Le  concept  «TacSats»  parait  particulierement  adapte  au  contexte  actuel  de  compression  des  budgets  de  defense  nationale  et  de 
reduction  des  forces  armees.  Les  capacites  offertes  par  ces  systemes  peuvent  etre  acquises  de  faijon  progressive,  contrairement 
aux  systemes  spatiaux  classiques,  qui  sont  toujours  aecompagnes  de  coiits  additionnels.  En  outre,  ils  peuvent  etre  mis  sur  orbite 
par  des  vehicules  de  lancement  plus  petiis  et  moins  couteux.  commandes  eventuellement  par  le  commandant  du  theatre  kKal. 

Les  TacSats  semblent  offrir  une  solution  economique  et  souple  au  probleme  des  besoins  de  l  OTAN'  en  matencl  de  surveillance, 
de  telecommunications  et  de  commandement  et  controle  pour  les  annees  90,  Dans  une  situation  de  forces  reduites.  li  importe  de 
savoir  oil  les  forces  ennemies  potentielles  pourraient  etre  situees.  quel  est  leur  nombre.  quelle  est  leur  route  etc.  Ces  informations 
sont  tndispensables  a  tout  deploiement  efficace  d’un  nombre  reduit  de  troupes.  Les  systemes  spatiaux  offrent  peut-eire  la  seule 
possibilite  d'executer  ces  fonctions  d'une  mamere  efficace.  Dans  ce  cas.  des  TacSats  dcveloppes  pour  I'OTAN.  a  un  pnx 
abordable.  permettraient  de  contrer  une  menace  qui  evolue,  dans  un  monde  ou  les  budgets  et  les  structures  des  forces  .sont  en 
diminution. 

Le  symposium  a  traite  des  sujets  suivants; 

Systemes  «TacSats» 

—  Architecture  et  ingenierie  des  systemes  OTAN 
—  Concepts  et  etudes  de  la  charge  utile 
—  Concepts  et  etudes  des  bus  pour  vehicules  spatiaux 
—  Lanceurs  SATS 

Technologies  de  demain  pour  systemes  spatiaux 

—  Antennes  et  recepteurs  EHF.  SHF  et  UHF 
—  Composants  optiques  et  electro-optiques 
—  Detecteurs  IR.  plans  focaux,  refrotdisseurs 
—  Structures  et  materiaux 
—  Telecommunications  et  telemetrie 
—  Traitement  des  donnees  et  ordinateurs  embarques 
—  Reseaux  d'alimentation,  cellules  solaires.  battenes 
—  Dispositifs  de  test  integres  et  essais  non  destruciifs. 
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TECHNICAL  EVALUATION  REPORT 


Charles  E.  Hcimach 
Consultant 

30543  Rue  dc  la  Pierre 

Rancho  Palos  Verdes,  California,  USA  90274 


SUMMARY 

The  symposium  was  highly  successful  in  that  it 
brought  together  a  broad  spectrum  of  the  NATO  space 
technical  community  with  quality  papers  on  the 
missions,  applications,  and  technical  aspects  of 
TACSATs.  The  main  topics  centered  on  surveillance 
and  communication  systems,  and  the  issue  of 
determining  requirements.  At  the  completion  of  the 
symposium,  it  was  clear  that  state-of-the-art  total 
systems  could  be  built  that  would  be  responsive  to  the 
theater  commander  at  a  reasonable  cost.  While  the 
level  of  technical  detail  varied;  that  is,  more  emphasis 
on  the  satellite  options  than  the  ground  systems,  there 
was  sufficient  detail  to  make  the  case  for  the  validity  of 
the  TACSAT  concept  as  discussed  in  the  symposium 
theme. 

The  output  from  this  symposium  will  be  the  central 
point  of  departure  fw  the  Working  Group  16  efforts  on 
TACSATs  for  NATO.  In  this  regard,  the  symposium 
was  an  outstanding  success. 

TECHNICAL  CONTENT 

The  symposium  was  opened  with  an  address  by  Robert 
Dickman,  Brigadier  General,  USAF,  who  is  the  Deputy 
Chief  of  Staff  for  Plans  at  Air  Force  Space  Command 
in  Colorado  Springs,  Colorado,  USA.  His  perspective 
was  from  the  warfighter's  point-of-view  within  which 
he  challenged  the  audience  of  mostly  scientists  and 
engineers  to  focus  on  the  needs  of  the  user; 
emphasizing,  that  if  TACSATs  arc  to  be  a  part  of  space 
in  the  future,  they  must  be  measured  in  terms  of  if.  .ir 
unique  contributions  to  mission  success. 

To  make  his  point.  Gen.  Dickman  expressed  the  belief 
that  space  will  be  a  dominate  factor  in  any  future 
conflict:  and,  as  a  result,  will  have  to  improve,  not 
decrease,  in  the  future.  He  emphasized  that  while  this 
belief  is  widely  accepted,  in  an  age  of  decreasing 
resources,  requirements  and  affordability  must  come 
together.  Therefore,  the  developer  must  seek  out  the 
view  of  the  warfighter  in  an  effort  to  identify  critical 
space  deficiencies.  In  this  regard,  the  developer  will  be 
dealing  with  a  customer  who  is  smaner,  who  will 
demand  more  from  space,  and  who  will  insist  that  the 
space  capabilities  be  there  during  hostilities. 

To  emphasize  these  points,  Gen.  Dickman  gave  a  space 
"report  card"  on  Desert  Storm. 

Communication  -  never  enough,  not  mobile 

enough,  and  the  terminals  were  inadequate. 


Weather  -  good  information,  but  the  data 
disseminauon  was  poor. 

Navigation  -  great,  but  not  enough  receivers. 

Imagery  -  a  controversial  subject.  While  there  was 
not  enough  surveillance,  it  was  actually  viewed  as 
a  failure  because  of  dissemination  problems. 

As  a  result,  the  overall  space  rating  can  be  viewed  as 
follows: 

Capability  -  great 
Payload  tasking  -  moderate 
Dissemination  -  terrible 

He  went  on  to  emphasize  that  the  reason  for  this  "card  ' 
rating  goes  back  to  what  the  warfighter  wants.  He 
wants:  continuous  availability,  flexibility  aid 

availability  to  the  end  use..  Put  another  way,  from  a 
combat  perspective  the  warfighter  will  ask: 

-  Can  I  get  what  I  want  when  I  want  it? 

-  Can  1  disuibuic  it  to  my  forces? 

In  closing,  Gen.  Dickman  challenged  the  symposium 
to  focus  on  the  deficiencies. 

1 .  Improve  disuibuiion 

2.  Improve  data  streams. 

3.  Develop  new  space  systems:  but,  avoid 
uniqueness,  concentrate  on  interoperability,  and 
ensure  that  we  can  exercise  as  we  fight 

The  challenge  for  TACSAT  will  be; 

What  are  the  needs? 

What  are  the  options? 

What  is  possible  now? 

What  are  the  "measures  of  effectiveness?" 

Session  1  -  TACSAT  Concept  and  Need 

The  intent  here,  was  to  "set  the  stage"  -  WHAT  ARE 
WE  TALKING  ABOUT? 

In  this  session,  as  with  almost  the  entire  symposium, 
two  mission  areas  received  the  most  attention  - 
surveillance  (imagery)  and  communications.  Of  those 
two  mission  areas,  surveillance  took  the  "lion  s  share” 
of  the  group's  attention,  with  most  of  the  discussions 
centered  on  resolution. 


r-: 


From  the  four  papers,  there  were  several  areas  of 
consensus,  two  areas  of  divergent  opinions,  and  one 
outstanding  i.ssue. 

Consensus 

Total  system  designs  must  provide  for  llexibility. 
responsiveness,  on-demand  support,  and  high 
revisit  times. 

That  TACSATs  can  be  used  in  tandem  with  core 
systems  by:  raising  mission  area  responsiveness, 
selecting  orbits  to  match  the  threat,  concentrating 
on  a  specific  geographic  area,  and  filling  in  for  a 
failed  primary  system. 

They  must  generate  a  field  useable  product 
(surveillance  orientation). 

Any  new  design  must  be  compatible  with  current 
terminals  and  allow  for  realistic  training. 

Affordability  must  be  paramount  through 
commonality,  a  common  bus  approach,  using 
items  off-the-shelf,  and  controlling  rciiuircmcnts. 

While  It  was  generally  agreed  that  TACSATs  fall 
in  tnc  weight  regime  of  300-700  kg,  the  validity 
of  continued  u.sc  o!  this  definition  became  an  area 
of  divergent  opinion. 

Divergent  Opinions 

Within  this  session,  and  as  the  symposium  progressed, 
there  was  continued  discussion  concerning  two 
opinions.  While  there  was  no  con.scnsus  on  these 
opinions,  it  was  agreed  that  Working  Group  16  must 
look  at  them  further.  Hiey  arc: 

1 .  Large  sy. stems  can  be  considered  as  TACSATs 
if  data  di.sscminaiion  and  payload  tasking  can 
be  more  responsive  to  the  warfighter. 

2.  TACSAT.s  do  not  necessarily  have  to  be 
launch-on-demand  systems;  they  can  also  be 
stored  on  orbit  in  a  dormant  state  ready  for 
rapid  activation  and  repositioning, 

Is.sue 

There  was  one  issue  -  how  do  we  come  to  grips  with  a 
formal  statement  of  the  need.  Imbedded  in  this  issue  is 
whether  a  statement  of  need  is  ncccssarv  for  TACSAT 
or  if  TACSAT  is  a  technical  option  whose  "time  has 
come"  and  it  is  now  ready  for  consideration  in  relation 
to  a  broader  sphere  of  needs. 

Se.ssion  II  -  TAC.SATs  -  A.spect.s 

This  se.ssion  covered  a  broad  range  of  TACSAT 
concerns  ranging  over  the  arca.s  of  data  collection, 
system  control  functions,  viability  of  a  multimission 


bus.  and  a  model  for  assessing  various  COMSAT 
options. 

While  not  giving  specific  answers  to  TACSAT 
command  and  control,  the  session  stressed  the 
importance  of  this  area  and  ho  v  such  answers  might  be 
ad^cs-sed  in  future  analyses.  In  the  "bus"  area,  the 
point  was  made  that  such  bus’s  have  been  flown  in  an 
R&D  nuxlc  and  that  reasonable  bus  s  could  be  (rovided 
for  TACSAT  low  earth  orbit  missions. 

Ses.sion  III  -  TACSAT  Applications  • 
Systems 

A  wide  variety  of  mission  areas  was  discussed; 
however,  the  greatest  emphasis  was  in  navigation, 
communications  and  surveillance.  In  general,  the 
technical  emphasis  was  on  techniques  for  modern 
capable  systems  with  upper  limits  on  spacecraft  weight 
and  reduced  complexity.  Of  particular  note,  was  the 
overwhelming  attention  to  limiting  the  warfighter 
support  to  .specific  geographic  areas  rather  than  global 
or  commcmal  support.  The.se  view'S  can  be  seen  in  the 
following  distillation  of  the  output  from  four  papers 
presented  in  this  session. 

Navigation 

A  concept  was  di.scu.s.scd  that  u.scd  four  to  nine  satellites 
at  geostationary  orbit  versus  the  medium  earth  orbit  of 
GPS.  In  keeping  with  system  simplicity,  lower  cost 
(through  lighter  weight),  and  limited  geographic 
coverage,  the  concept  had  the  following  features: 

Equivalent  GP2  capability 

Ground  based  atomic  clock  for  lighter  weight 
and  simpler  spacecraf  t 

Coverage  limited  to  Europe,  the  Mid-cast,  and 
•Africa 

Three  satellites  launched  simultaneously  on 
Ariane. 

Communications 

The  discussion  here  centered  mostly  on  comsai 
applications  as  they  relate  to  Air  Command  &  Control. 
Of  particular  note  was  the  point  that  TACSATs  arc 
needed  in  all  areas  and  that  their  configurations  should 
include: 

-  Bi-dircctional 

-  Broadcasting 

-  Ground  to  ground 

-  Ground  to  air 

However,  communication  type  TACSATs  were  seen  as 
a  primary  means  for  alleviating  the  problem  of  Air 
Tasking  Order  dissemination. 


While  the  discussions  in  this  area  presented  new 
thinking  in  how  COMSATs  could  contribute  to  the  air 
campaign  and,  to  some  degree,  ballistic  missile  defense; 
more  analysis  is  needed  to  determine  the  value  of 
TACSATs  as  a  specific  class  of  satellite.  This  is 
consistent  with  the  issue  raised  in  Session  I  concerning 
the  use  of  large  satellites  as  TACSATs. 

Surveillance 

This  area  received  the  most  attention  in  this  session, 
appearing  in  three  out  of  the  four  papers. 

As  with  communications,  surveillance  satellites  were 
presented  as  key  elements  in  developing  the  Air 
Tasking  Order  and  in  supporting  ballistic  missile 
defense.  The  function  of  surveillance  satellites  was 
considered  prime  in  detecting  airbase  activation,  raid 
detection,  launcher  detection,  detection  of  missile 
launch  preparation,  ind  missile  launch  detection. 
Hov  ever,  specific  requirements  that  allow  for  the  use  of 
T.ACSAT  class  .satellites  have  yet  to  be  defined. 

■Some  time  was  spent  on  the  potential  roles  TACSATs 
might  play  from  a  systems  point-of-view.  It  was 
emphasized  that  surveillance  TACSATs  could; 

Reduce  system  complexity 

•  Enhance  observation  capabilities  (more  from 
quantity  than  quality) 

Achieve  high  revisit  of  specified  sites 

-  Provide  a  quick  concentration  of  resources. 

Here  again  arc  the  points  that  TACSATs  play  best  in 
activities  that  arc  geographically  localized  and  that 
require  quick  reaction  to  a  situation. 

At  this  point,  came  the  first  discussions  of  the 
technical  and  operational  viability  of  certain  levels  d' 
resolution,  orbital  altitudes,  spacecraft  weight,  and 
surveillance  techniques. 

-  Rc.solutions  seemed  to  fall  in  the  3-5  meter 
regions,  with  some  excursions  to  1.4  meters. 

-  The  orbital  altitudes  ranged  from  280  km  to 
600  km. 

-  The  spacecraf  t  weights  were  in  the  600  to  750 
kg  range. 

-  Surveillance  techniques  included  electro-optical 
and  synthetic  aperture  radar  (SAR). 

At  issue  in  this  area  was  the  acceptable  resolution.  As 
always,  the  user  asks  for  the  best;  however,  it  was 
generally  agreed  that  best  in  surveillance  means  large, 
expensive,  and  limited  in  quantity.  This  item  remained 
as  a  contentious  issue  throughout  the  symposium. 


Session  IV  -  Panel  Discu.ssion 

The  objective  of  this  session  was  to  engage  the 
audience  in  addressing  any  issues  and  concerns  that  may 
have  come  up  in  the  prior  sessions.  Four  major  issues 
were  discussed,  although  no  resolutions  were  agreed 
upon.  The  issues  were; 

How  are  requirements  to  be  established? 

Should  TACSAT  be  strictly  theater  oriented? 

Will  TACSAT  be  complimentary  to  the  major 
space  systems? 

What  launch  strategy  is  appropriate? 

These  issues  will  oc  a  prime  concern  of  Working 
Group  16. 

The  value  of  this  se.ssion  was  not  in  the  discussions, 
but  in  the  bringing  forth  of  these  four  key  i.ssues. 

Session  V  -  Communications  Concepts 

In  this  session  the  emphasis  was  on  technology  and 
how  it  might  lead  to  TACSAT  type  communication 
satellites.  The  main  emphasis  was  on  EHF;  although 
there  was  some  discussion  of  SHF. 

The  flow  of  the  sc.ssion  was  pan.cularly  well  done  with 
Dr.  Ince  leading  off  with  a  discussion  of  Working 
Group  13’s  efforts  on  NATO  Satellite 
Communications,  which  was  started  in  1986.  In  the 
discussion,  he  reminded  the  audience  that  our  past 
emphasis  was  oriented  to  the  strategic  mission  where 
the  systems  had  to  be  highly  survivable,  crisure 
continuity  of  service,  provide  ECCM,  and  provide  low 
capacity  communication  for  emergencies. 

But  limes  have  changed.  Dr.  Ince  emphasized  that 
satellites  should  be  smaller  and  cheaper,  with  launch 
flexibility  by  employing  systems  such  as  clustered 
satellites.  He  also  emphasized  some  movement  from 
SHF  to  EHF.  Most  importantly.  Dr.  Ince  provided  a 
listing  of  NATO  actions  — 

Define  NAT*^  and  National  requirements 

-  Develop  and  agree  on  an  architecture 

Define  the  technologies 

Encourage  companies  to  join  togei^ 

The  remaining  papers  discu.ssed  the  technologies  that 
will  make  smaller  EHF  satellites  possible  and  some  of 
the  problems  that  might  be  expected  at  these 
frequencies.  In  general,  the  emphasis  was  to  provide 
technologies  that  would  allow  more  users  to  take 
advantage  of  the  AJ  characteristics  of  EHF  while 
operating  at  medium  data  rates  rather  than  low  data 
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rales.  The  technology  emphasis  was  on  variable 
bcamwidth  antennae,  frequency  synthesizers,  and 
processors.  In  the  case  of  the  antenna  technology,  the 
objectives  were  for  easier  operation  in  elliptical  orbits 
and  for  case  of  switching  geographic  locations  for 
satellites  in  geostationary  orbits.  For  frequency 
synthesizers  and  for  processors,  the  emphasis  was  on 
significant  weight  and  power  reductions  that  would 
allow  for  payloads  in  the  100  kg  and  290  w  regime's 
With  terminal  capacities  of  27  LDR  channels  at  45 
kbits  and  17  MDR  channels  at  3  mbits. 

Other  discussions  included  MDR  EHF  synchronization 
techniques  for  minimizing  acquisition  times  and  an 
examination  of  interference  from  mountains  and 
foliage. 

Essentially,  this  session  verified  that  the  technology  is 
available  forTACSAT  type  communication  satellites, 
particularly  at  EHF.  The  question  remained  concerning 
the  adequacy  of  such  systems  for  military  needs. 
Certainly,  the  capacity  of  such  systems  can  now  be 
defined  with  great  confidence  and  no  doubt  the  same  can 
be  said  for  cost.  The  question  is,  is  the  terminal 
capacity  desenbed  above  cost  effective  under  a  range  ol 
scenarios'.’ 

Session  VI —  Launch  Systems 

This  session  confirmed  that  a  broad  range  of  launch 
options  will  be  available  after  1995  to  support 
TAGS  AT  type  payloads  as  identified  in  S'ssion  I. 
These  boosters,  in  increasing  weight  carrying 
capability,  are:  Pcgasus,  Taurus,  Delta  II,  MLV-3, 
Atlas  II  and  Ariane. 

The  question  that  remains  to  be  addrcs.scd  is  what 
deployment  suategy  will  be  ased  for  TAGS  AT.  If  the 
booster  is  the  limiting  factor,  then  strategies  are  limited 
to  the  following: 


Booster 

Slorc-on-Orbil 

Rapid  Launch 

Pegasus (1) 

X 

X 

Taurus  (2) 

X 

X 

Delta  11 

X 

MLV-3 

X 

Atlas  11 

X 

(1)  Max  5(X)  kg  lEO 

(2)  Max  1500  kg  LEO 
Max  500  kg  GTO 

Therefore,  smaller  TACSATs  can  have  multiple 
opuons  where  a.s  the  large  TACSATs  (particularly  to 
GEO  and  elliptical)  must  be  stored  on  orbit  or  settle  for 
20  to  60  days  tum-around. 

It  was  generally  agreed  that  it  would  be  prohibiuvely 
expeasive  to  convert  MLV-3.  Delta  II,  Atlas  11.  and 
Ariane  to  tum-around  limes  that  arc  commensurate  with 
Pegasus  and  Taurus.  On  the  other  hand,  the  MLV-3, 
Delta  II.  Allas  11.  and  Anane  will  be  cost  competitive 
for  siorc-on-orbit  because  of  their  ability  to  launch 
more  than  one  TACSAT;  the  issue  being,  will  the 
military  situation  at  a  given  instant  allow  for  such  an 
approach?  Working  Group  16  will  have  to  address  this 
issue. 

Session  VTl  -  Spacecraft  Bus 

The  quesuon  of  building  a  common  bus  with  the 
appropriate  attitude  control  was  addressed  in  this 
session.  In  general,  the  papers  confumed  that  low  cost 
common  spacecraft  buses  can  be  built,  although  it  was 
also  recognized  that  some  pcnaiucs  would  be  realized 
from  over  opumizcd  or  sub  opumized  subsystems. 

The  one  paper  that  specifically  addressed  the  bus  design 
pointed  out  that  for  spacecraft  with  single  function 
oncmed  payloads,  the  entire  system  (ground  system, 
payu-ad,  spacecraft)  could  be  developed  in  12-15 
months  for  $15-20M.  Where  as  more  complicared 
systems  could  cost  S50M.  This  later  case  was  the  US 
Navy  GEOSAT  Follow-on.  It  was  cmpihasized  during 
the  question  and  answer  penod,  that  in  the  case  of  the 
12-15  month  example,  there  was  no  redundancy  and  the 
design  life  was  one  year. 

The  above  discussion  does  not  completely  make  the 
case  for  a  common  TAGS  AT  bus.  However,  the  point 
is  made  that  not  every  .space  project  must  be  expensive. 

The  Working  Group  16  may  have  to  further  address  the 
common  TAGS  AT  bus  approach. 

The  third  paper  in  this  session  loo'  ‘’d  at  electric 
propulsion  uses  for  TAGSATs  in  the  weight  ranges  of 
300  to  800  kg.  The  two  uses  of  electric  propulsion 
were  for  orbit  keeping  tasks  and  for  orbit  raising  (from 
400  km  to  1400  km).  It  was  concluded  that 

Ion  propulsion  was  the  preferred  technology  for 
orbit  keeping. 

•  Significant  mass  savings 


Arainc 


X 


However,  long  lifetime  ion  ih,-usters  have  yet 
to  be  deraonstrated  on  orbit 
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Low  power  arcjets  are  ihe  best  candidates  for  orbit 
transfer  and  raising. 

In  general,  more  work  is  needed  for  electric  propulsion: 
however,  it  should  be  supported  and  examined  for 
introduction  into  any  taCSAT  program. 

Session  VIII  —  Advanced  Technology 

This  session  was  divided  into  two  discussions  -  the 
DARPA  (USA)  space  technology  efforts  and  CAMEO. 

The  DARPA  technology  discussion  told  of  significant 
strides  being  made  to  reduce  the  cost  of  doing  jusiness 
in  space.  It  is  more  appropriate  for  the  reader  to 
examine  the  paper  than  to  present  a  detailed  summary 
here.  However,  a  brief  summary  is  appropriate. 

This  program  includes: 

Pegasus 

Taurus 

-  DARPASAT 

Optical  technology  for  light  weight  systems 

-  Submarine  laser  communications  technology 
EHF  technology 

Satellite  subsystems 
Common  buses 

An  example  of  the  progress  being  made  can  be  seen  in 
the  EHF  technology  work.  This  technology  is  on  its 
way  to  lowering  spacecraft  weight  and  power  by  >50%. 

The  overall  program  will  use  smaller  satellites  to 
quickly  validate  technologies  so  large  satellites  can  be 
procur^  using  more  advanced  technology. 

A  description  of  CAMEO  was  presented.  Its  objectives 
ate: 

Multi-spectral  small  satellite 
DOD/civil  environmental  and  weather 
Direct  downlinking  of  data 
Use  of  a  common  bus 

During  the  question  and  answer  period,  the  status  of 
CAMEO  was  requested.  The  answer  was  that  funding 
was  deferred  by  Congress  even  though  it  had  the  full 
support  of  DOD. 

Session  IX  —  Radar  Concepts 

As  with  the  following  session,  this  session  addressed  a 
specific  technique  for  battlefield  surveillance  -  using 
radar  in  the  synthetic  oper?,ture  mode.  The  papers  were 
in-keeping  with  the  general  approach  of  TACSAT,  that 
of  supporting  theater  operations.  This  point  was 
shown  as  pivotal  in  allowing  a  reasonable  weight 
spacecraft  so  that  it  fit  the  smaller  class  sateUite 
category.  In  general,  the  spacecraft  weights  fell  in  the 
SOO  to  800  kg  regimes.  In  the  past,  most  radar 
spacecraft  weights  were  in  the  5000  kg  class;  so  why 
tJhe  difToence?  Basically,  the  difference  was  in  the  size 


of  the  region  of  concern  (2000  x  2000  km),  which  in 
cum  reduced  the  duty  cycle  (5-30%)  which  reduced  the 
weight  and.  to  some  extent,  reduced  the  size  of  the 
antenna.  Other  spacecraft  parameters  fell  into  the 
following  areas: 

X-band  or  C-band 
300  to  500  km  altitude 
200  to  400  mbit  data  rate 
6  to  8  satellite  constellation 
Phased  array  antenna 
4x2  meter  antenna 
2-5  meter  resolution 
30  images  per  pass 

There  was  a  unanimous  call  for  a  dememstration  flight. 
The  overall  feeling  was  that  a  S  AR  spacecraft,  built  to 
the  above  specifications,  is  state-of-the-art 

Additional  papers  were  presented  that  discussed 
lightweight,  store  and  forward  microwave  applications, 
a  maritime  application  of  a  SLAR  and  an  altimeter  to 
determine  wave  heights. 

Session  X  —  Electro-Optic  Concepts 

This  discussion  followed  the  pattern  seen  in  the  SAR 
session.  In  general  it  was  believed  that  state-of-the-art 
E-0  TACSATs  could  be  built  according  to  the 
following: 

1'5M  resolutions 

250-450  km  altitude 

350  to  650  kg  spacecraft  weight 

200  to  300  mbs  data  rate 

Three  additional  points  were  made:  (1)  the  ground 
station  could  be  air  transportable;  (2)  a  convincing 
demonsuaiion  could  be  conducted  for  $50-100M;  and 
(3)  a  $50M  price  per  satellite  is  achievable. 

As  with  the  radar  SAR,  the  group  felt  a  demonstration 
was  absolutely  necessary  to  get  something  into  the 
hands  of  the  user. 

Session  XI  —  Panel  Discussion 

This  session  reviewed  the  outputs  from  each  session 
followed  by  questions  and  answers  with  the  audience. 
The  discussions  centered  on  three  themes  —  can  we 
achieve  the  TACSAT  objectives,  how  much  resolution 
can  we  expect  from  surveillance  systems,  and  how  do 
we  identify  requirements. 

RECOMMENDATION: 

From  the  content  of  the  papers,  it  appears  that 
TACSAT  type  spacecraft  for  surveillance  and 
communications  could  be  of  great  value  to  NATO. 
While  such  systems  will  be  more  affoidabie  than  larger 
more  capable  systems,  they  will  not  be  procured  by  any 
one  member  nation  and  therefore  should  be  approached 
as  a  joint  international  effort 
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These  ate  three  specific  recommendatioiis:  (1)  These 
papers  should  be  used  as  the  foundation  for  the 
Wtxking  Group  16  efforts.  (2)  Tlw  results  of  Working 
Group  16  should  then  be  briefed  to  the  member  nations 
^  NATO  headquarters.  (3)  A  NATO  team  should  be 
established  to  develop  technical  and  operational 
options,  with  costs,  to  be  rqxrrted  out  to  NATO  by 
early  1994. 
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ABSTRACT 

The  concept  of  a  Tactical  Space  System.  "TACSAT* 
is  a  means  to  provide  a  rapid,  on  demand, 
augmentation  of  the  backbone  U  S.  military  space 
systems.  Such  augmentation  would  be  valuable  to 
temporarily  replace  lost  capability  or  in  times  of  crisis, 
to  accommodate  surge  demands.  Because 
augmentation  needs  are  not  always  known  a-priori,  it 
would  be  desirable  to  be  able  to  rapidly  constitute 
the  appropriate  payload-satellite  bus  combination  to 
accommodate  the  need  for  a  specific  space 
capability.  To  do  this,  one  can  envision  a  standard 
bus  capable  of  accepting  a  variety  of  payloads,  or 
better  yet,  a  single  spacecraft  designed  to  perform 
several  different  missions.  Both  options  are 
considered.  A  number  of  potential  missions  exist  in 
the  areas  of  surveillance,  navigation,  environmental 
sensing  and  communications.  Of  these,  two  are 
presented  as  strawman  concepts;  surveillance  and 
communication.  For  surveillance,  an  electro-optical 
payload  is  described  that  could  be  used  for  missile 
surveillarKe,  theater  targeting  or  weather  data  using 
the  same  optics,  focal  plane  and  processor.  The 
satellite  orbit  selected  dictates  which  mission  is 
performed.  For  communication,  both  SHF  and  EHF 
payloads  are  defined  to  provide  theater  coverage 
for  the  tactical  user.  The  advantages  and  penalties 
that  accrue  to  the  use  of  a  common  bus  are  also 
explored.  In  addition,  launch  options  are  identified 
and  a  comparison  made  between  "launch-on- 
demand"  and  "launch-on-schedule"  strategies. 
Potential  timelines  for  rapid  launch  are  shown  based 
on  parallel  processing  and  checkout  of  spacecraft 
and  launcher.  This  technique  is  compared  with 
launching  satellites  on  a  routine  basis  and  storing 
them  in  orbit.  Energy  requirements  for 
repositioning  these  stored  satellites  after  they  are 
activated  in  time  ot  need  are  defined. 


DISCUSSION 

The  purpose  of  this  paper  is  to  put  into  context  the 
role  of  the  tactical  satellite  and  present  some  sample 
applications  in  order  to  provide  an  introduction  to 
the  more  detailed  design  and  operations  papers  to 
follow.  The  Tactical  Space  System,  commonly 
referred  to  as  TACSAT,  was  envisioned  as 
providing  a  space  capability  directly  under  the 
control  of  the  military  field  commander.  When 
needed,  the  spacecraft  can  be  quickly  assembled  to 
provide  the  required  mission  capability  and  quickly 
launched  or  repositioned  in  orbit  to  provide  the 
required  coverage.  The  system  would  be 
compatible  with,  and  operate  within  the  larger  in 
place  space  architecture,  or  as  a  stand  alone 
capability.  In  either  case,  however,  its  operation 
would  be  transparent  to  the  user;  that  is,  the  user 
would  be  able  to  use  the  same  ground  terminals 
already  in  use  for  interaction  with  the  larger 
backbone  satellite  systems.  The  need  for  a 
TACSAT  can  arise  from  several  circumstances.  First 
would  be  to  augment  the  existing  space 
infrastructure  in  order  to  accommodate  changes  in 
requirements  that  could  be  caused  by  changes  in 
the  military  alert  posture,  e  g.,  as  we  go  from  peace 
to  crisis  to  war.  TACSAT  could  also  be  deployed  if 
areas  of  military  instability  shift  from  one 
geographical  location  to  another,  ft  may,  in  fact, 
become  necessary  to  cover  several  geographical 
locations  simultaneously.  During  Desert  Storm,  for 
example,  space  assets  were  repositioned  to  support 
operations  in  the  Persian  Gulf.  Had  a  crisis  or  conflict 
occurred  in  a  different  part  of  the  world  at  that  same 
time,  we  would  have  been  hard  pressed  to  support 
operations  in  both  theaters.  As  I  will  show  later  in 
this  paper,  space  launch  systems  are  not  very 
responsive,  nor  are  satellites  stored  in  orbit 
generally  designed  to  be  maneuvered  rapidly.  If  a 
failure  occurs  in  one  of  the  backbone  space 
systems,  then  TACSAT  could  be  used  to  provide  an 
interim  capability  until  that  backbone  constellation 
can  be  restored.  This  situation  occurred  several 
times  in  the  U.S.  military  space  program,  particularly 
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when  we  have  gone  from  one  model  satellite  to  a 
redesigned  or  upgraded  one.  If  one  looks  af  an 
actual  supply/demand  curve  it  can  be  seen  that  for 
the  sake  of  economy,  most  space  systems  are 
designed  to  provide  a  nominal  capability.  In  general, 
this  capability  is  less  than  the  peak  demand 
requirements.  Also,  as  mentioned  earlier,  the 
capability  may  be  reduced  due  to  system  failures. 
When  a  crisis  occurs,  the  shortfall  between  demand 
and  supply  could  be  quite  significant. 

For  TACSAT  to  fill  this  gap,  it  must  possess  three 
main  characteristics:  flexibility,  responsiveness  and 
affordability.  The  first  criteria  for  TACSAT,  flexibility 
means  that  it  must  be  capable  of  supporting  multiple 
mission  areas.  These  mission  areas  are  generally 
defined  as  surveillance,  communications,  navigation 
and  environmental  monitoring.  As  I  will  discuss  later 
in  the  paper,  there  are  several  ways  to  design  a 
system  that  is  capable  of  performing  more  than  one 
of  these  missions.  If  we  can  achieve  this  flexibility, 
the  number  of  TACSATs  to  be  built  will  be 
maximized,  and  accordingly,  the  unit  price  will  be 
minimized.  Another  element  of  flexibility,  alluded  to 
earlier,  is  compatibility  with  the  existing 
infrastructure.  From  the  logistics  and  well  as  an 
economic  standpoint,  no  TACSAT  specific  data 
receiving  or  processing  equipment  should  be 
required.  This  is  true  not  only  for  the  user 
equipment,  but  for  the  facilities  required  to  control 
and  monitor  the  space  systems  as  well.  The  final 
flexibility  criteria  is  launch  resiliency.  Currently,  the 
military  space  launch  strategy  does  not  include 
"launch  through  failure".  When  a  launch  failure 
occurs,  a  significant  downtime  is  generally 
experienced  in  order  to  troub'eshoot  and  conduct 
the  analysis  necessary  to  determine  the  cause  of 
the  launch  failure.  Failure  is  rarely  accepted  in  terms 
of  its  statistical  probability  but  rather,  because 
spacecraft  and  launch  systems  are  expensive,  the 
financial  risk  attendant  to  the  next  launch  warrants  a 
thorough  failure  investigation.  The  TACSAT 
concept,  on  the  other  hand,  is  premised  on  quick 
response  and  low  cost. 

Responsiveness  is  the  second  characteristic  that  a 
TACSAT  system  must  possess.  Responsiveness 
can  be  achieved  in  two  ways.  The  first  is  to  store 
spacecraft  and  launch  vehicles  on  the  ground  and 
then  launch  rapidly  when  the  need  arises. 
Depending  on  the  location  of  the  launch  site,  it  may 


be  possible  to  launch  into  the  inclination  of  interest 
and  thereby  obtain  pertinent  data  on  the  first  orbital 
pass.  Another  means  of  obtaining  responsiveness 
requires  the  capability  to  reposition  satellites  already 
in  orbit.  This  is  a  particularly  attractive  option  for 
satellites  in  the  geostationary  belt. 

Of  all  the  TACSAT  characteristics,  the  one  that  is 
absolutely  essential  is  affordability,  if  a  low  unit  cost 
can  be  achieved  the  TACSAT  concept  can  be  an 
attractive  option  especially  in  this  era  of  limited 
defense  spending.  TACSATs  can  be  incrementally 
acquired  allowing  the  user  to  purchase  the  capability 
needed  at  present  and  then  add  to  that  capability  as 
the  need  arises. 

One  method  of  achieving  affordability  is  to  maximize 
design  commonality  across  the  spectrum  of 
missions  to  be  performed.  In  the  ultimate,  one 
would  desire  to  have  a  single  satellite  design 
capable  of  performing  any  mission.  This,  of  course, 
is  not  possible.  This  paper  will  discuss,  however, 
combining  similar  missions.  A  second  level  of 
commonality  would  be  to  have  a  common  bus  and 
bus  subsystems  such  as  power,  attitude  control, 
and  thermal  protection.  In  this  concept,  the 
payloads  would  be  different  for  each  mission.  The 
least  degree  of  commonality  would  be  achieved  by 
having  a  common  bus  with  subsystems  and 
payloads  tailored  to  the  individual  mission.  Any 
amount  of  commonality  will  result  in  a  larger  unit  buy, 
thereby  amortizing  the  RDT&E  costs  over  a  larger 
base  and  taking  advantage  of  the  production 
learning  curve  to  reduce  the  unit  cost.  Second, 
affordability  can  be  achieved  by  using  the  existing 
infrastructure.  Operating  with  TACSATs  should  be 
transparent  to  the  user:  it  must  use  the  same  ground 
terminals  as  the  backbone  space  architecture.  Also, 
because  TACSATs  will  tend  to  be  smaller  and  more 
proliferated  than  the  backbone  system,  it  will  be 
necessary  to  make  these  systems  more 
autonomous  thereby  reducing  the  need  for  satellite 
control  and  the  costs  attendant  to  that  function.  For 
those  systems  employing  the  rapid  launch  option, 
satellite  to  launch  vehicle  integration  and  test  will 
have  to  be  simplified  to  allow  operation  by  military 
personnel  without  contractor  support.  Finally,  the 
largest  cost  driver  to  space  systems  are  the 
requirements  themselves.  As  mentioned  earlier, 
the  TACSAT  concept  will  allow  the  user  the  option 
to  buy  only  that  capability  that  is  needed;  the  more 


capability  bought,  the  higher  the  cost.  Other  factors 
that  will  tend  to  reduce  cost  are  limited  coverage 
(theater  rather  than  worldwide)  reduced  lifetime,  and 
a  minimum  of  extras,  such  as  heroic  sun/ivability. 

A  number  of  potential  TACSAT  missions  were 
studied.  These  included  surveillance, 
communications,  environmental  sensing,  nuclear 
detonation  detection,  space  surveillance  and  space 
experiments.  The  first  two  missions  were  chosen  to 
be  discussed  in  further  detail  in  this  paper  because 
they  illustrate  two  levels  of  commonality  than  can  be 
achieved.  The  use  of  a  single  satellite  design  to 
perform  two  different  surveillance  missions,  theater 
surveillance  and  tactical  missile  tracking,  was 
explored.  Although  these  missions  have  different 
requirements,  it  will  be  shown  that  by  selecting  the 
proper  orbits,  both  missions  can  be  met  with  a 
common  payload  design.  Theater  surveillance 
involves  looking  at  relatively  small  target  areas  in 
order  to  do  target  location  and  then  bomb  damage 
assessment.  These  parameters  are  also  required  to 
allow  the  user  to  monitor  the  battlefield  in  order  to 
determine  deployment  and  strategies.  To  do  this 
with  reasonable  size  optics  requires  that  the  satellite 
be  flown  at  relatively  low  altitude.  A  500  km  circular 
orbit  was  chosen  for  this  application.  Tactical  missile 
tracking,  on  the  other  hand,  requires  coverage  over 
a  larger  area  and  the  ability  to  detect  and  track 
missile  launches  from  the  infrared  signature  given 
off  by  the  rocket  plumes.  For  this  application, 
satellites  in  geostationary  orbits  were  postulated 

The  theater  surveillance  system  uses  an  electro 
optical  payload  in  the  visible  region  for  imaging  of 
the  selected  target  areas.  At  500km  altitude,  the 
payload  would  be  able  to  acquire  targets  within  an 
area  of  2000  km  in  track  and  1 000  km  cross  track. 
Within  this  acquisition  basket,  the  payload  would  be 
directly  commanded  by  the  user  to  image  target 
areas  up  to  9  X  9  km.  The  data  taken  by  the  satellite 
would  be  transmitted  directly  back  to  the  user  who 
would  have  the  capability  to  do  data  exploitation  in 
near  real  time.  It  is  envisioned  that  the  entire 
process  from  tasking  of  the  satellite,  acquisition  of 
the  data  and  downlinking  to  the  user  would  take  a 
minimum  of  15  minutes.  The  maximum  timeline  is 
governed  by  the  revisit  time  and  is  a  function  of  the 
number  of  satellites  in  the  constellation  and  the  orbit 
inclination.  The  theater  missile  tracking  system, 
deployed  in  a  geostationary  orbit,  uses  a  scanning 


infrared  sensor  to  detect  tactical  missiles  and  after¬ 
burning  aircraft  in  a  2000  x  2000  km  area.  Within  that 
target  area,  the  system  is  capable  of  processing  up 
to  1000  potential  targets  and.  after  processing, 
tracking  up  to  100  real  targets  simultaneously.  For 
ballistic  missiles,  both  launch  and  impact  points  can 
be  predicted.  These  predictions  could  then  be 
used  to  initiate  a  counterforce  strike  or  cue 
defensive  systems. 

A  single  sensor  that  could  do  both  the  theater 
surveillance  and  tactical  missile  tracking  missions 
was  conceived  and  is  shown  in  Figure  1.  The 
sensor  has  common  optics  for  both  missions  and  a 
dual  focal  plane  array  to  accommodate  both  the  wide 
field  of  view  and  the  high  resolution  requirements. 
The  payload  was  compact  in  aesign  and  weighed 
approximately  100  kg.  It  was  now  possible  to  satisfy 
one  of  our  affordability  criteria;  a  single  satellite  that 
could  do  more  than  one  mission  depending  upon 
the  orbit  into  which  the  satellite  was  deployed. 
Once  the  spacecraft  and  its  payload  had  been  sized, 
a  study  was  conducted  to  determine  whether  the 
spacecraft  could  do  missions  other  than  those  for 
which  it  was  designed.  Figure  2  shows  that  the 
missions  of  multi-spectral  imaging  and  space  object 
surveillance  could  also  be  done  from  a  satellite  in  a 
500  km  orbit  and  that  the  mission  of  cloud  and 
ocean  imaging  could  be  done  from  geo.  The 
imaging  missions  would  utilize  both  the  IR  and 
visible  spectrum  at  the  discretion  of  the  user 
depending  upon  the  operational  and  environmental 
conditions  at  the  time.  The  surveillance  of  space 
objects  from  space  would  be  done  solely  in  the 
visible  band.  To  summarize  the  potential  for 
commonality  in  the  surveillance  area,  preliminary 
analysis  has  shown  a  minimum  of  live  missions  that 
could  be  accomplished  by  a  single  satellite  design. 
It  is  expected  that  a  more  detailed  analysis  could 
surface  even  more  potential  missions. 

As  noted  earlier  in  this  paper,  a  second  level  of 
commonality  would  be  to  have  a  common  bus 
capable  of  accepting  irterchangeable  payloads.  To 
explore  this  possibility,  a  second  mission  area, 
communications,  was  selected  for  study.  The  study 
developed  conceptual  designs  of  satellites  sized  to 
provide  direct  communications  support  to  tactical 
commanders.  Design  concepts  at  both  SHF  and 
EHF  were  formulated.  The  tactical  users  have 
identified  the  need  for  small  portable  ground 
terminals  that  are  lightweight,  relatively  inexpensive, 
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rugged  and  easily  operated.  This  need  tor  small 
ground  terminals  drives  the  satellite  design  to  the 
use  of  high  powered  transmitters  and  high  gain 
antennas.  The  SHF  satellite  was  configured  as  a 
bent  pipe  in  which  little  processing  of  the  signal  is 
done  on  board  the  spacecraft.  The  communications 
payload  simply  receives  the  signal,  shifts  carrier 
frequency  and  retransmits  it  towards  the  earth.  The 
EHF  system,  on  the  other  hand,  does  much  more 
processing  of  the  signal  on  the  satellite.  The  signal 
conr.ing  into  the  satellite  is  taken  off  of  the  carrier  and 
shifted  down  to  baseband  where  the  bits  the  of 
digital  message  are  available.  The  digital  bits  are 
routed  to  their  destination,  shifted  up  in  frequency, 
put  on  the  carrier  and  retransmitted  to  the  ground. 

The  SHF  bent  pipe  system  utilizes  two 
transponders  each  having  a  nominal  capacity  of  80 
MHz.  A  61  element  multi-beam  antenna  provides 
anti  jam  nulling  on  the  uplink  and  a  1 9  beam  multi¬ 
beam  antenna  shapes  the  downlink  coverage 
pattern  to  the  theater.  In  addition,  a  spot  antenna 
and  an  earth  coverage  horn  are  included  in  the 
downlink.  Three  solid  state  powered  amplifiers  are 
incorporated  in  the  design  to  provide  redundancy. 
The  spare  power  amplifier  can  be  switched  into 
either  of  the  two  active  channels.  The  resultant 
payload  weighs  approximately  84  kg  and  requires 
225  watts  of  power  to  allow  link  closure  with  man 
portable  terminals  having  an  antenna  on  the  order  of 
0.6  meters  in  diameter.  A  capacity  of  approximately 
2000,  2.4  kbps  channels  would  be  possible  using 
those  man  portable  terminals. 

A  36  channel  EHF  payload  was  also  sized.  This 
payload  was  designed  to  support  EHF  man  portable 
terminals.  The  payload  consists  of  32  low  data  rate 
communications  channels  and  4  channels  for  noise 
characterization/acquisition.  The  sample  payload 
has  a  61  beam  multiple  beam  antenna  with  a  nulling 
processor  on  the  uplink.  The  fully  autonomous 
operation  of  the  processor  represents  the  only 
design  area  that  may  be  pushing  the  state  of  the  art. 
The  downlink  includes  a  19  element  MBA,  a  spot 
antenna  and  an  earth  coverage  horn.  The  design 
features  fully  redundant  travelling  wave  tube 
amplifiers.  Assuming  there  is  one  user  per  terminal 
and  an  average  call  duration  of  4  minutes,  the 
number  of  terminals  that  can  be  supported  can  be 
calculated  using  message  switching  theory.  With  a 
5%  probability  of  call  cancellation  or  a  20% 


probability  of  call  delay,  approximately  400  to  500 
user  terminals  can  be  supported  by  this  36  channel 
system.  The  resulting  payload  weighs 
approximately  120  kg  and  requires  245  watts  of 
power. 

In  the  previous  section,  we  sized  3  payloads;  a 
single  payload  that  can  accomplish  two  surveillance 
missions,  an  SHF  communications  payload,  and  a 
EHF  communications  payload.  Payload  weights 
ranged  from  84  kg  to  118  kg  and  the  power 
requirements  were  from  225  watts  to  300  watts.  If 
we  now  try  to  design  a  common  bus,  one  that 
accommodates  any  of  the  three  payloads,  we  find 
that  the  payload  governing  the  design  is  that  of  EHF 
communications.  It  is  the  heaviest  payload,  has  near 
maximum  power  requirements,  a  10  year  life  and 
requires  45  kg  of  maneuver  propellant  (the  reason 
for  which  will  be  discussed  later).  The  resultant 
spacecraft  weight,  including  payload,  is  635  kg.  in 
comparison  with  a  unique  spacecraft  designed  for 
each  specific  mission,  the  common  bus  spacecraft 
represents  approximately  a  30%  weight  overdesign 
for  the  theater  surveillance  mission  and  a  7  to  8% 
overdesign  for  the  theater  missile  tracking  mission. 
This  basically  comes  about  from  the  dillerences  in 
satellite  design  life  which  governs  the  amount  of 
propellant  that  must  be  carried  for  station  keeping. 
In  addition,  the  theater  surveillance  mission  is 
conducted  from  lower  orbit  and  does  not  require  the 
45kg  of  maneuver  propellant.  In  comparison  to  a 
satellite  specifically  designed  for  the  SHF 
communications  mission,  the  common  bus  design 
represents  a  27%  over  design.  This  is  mostly  due  to 
the  lighter  SHF  payload  weight  and  reduced  power 
requirement.  Penalties  of  this  order  of  magnitude 
must  be  accepted  to  take  advantage  of  a  common 
bus  design.  Not  only  does  commonality  achieve 
cost  reductions  as  a  result  of  an  increased 
production  buy  and  corresponding  learning  curve 
leverage,  but  it  promotes  the  use  of  standard  test 
procedures  and  test  equipment.  Payloads  can  be 
handled  as  black  boxes  and  thereby,  integration  and 
test  times  can  be  reduced.  It  is  clear,  however,  that 
the  more  the  payload  weights  and  mission 
parameters  diverge,  the  larger  the  penalty  that  must 
be  paid  by  using  a  common  bus. 

The  surveillance  and  communications  missions  were 
then  used  to  define  the  more  complete  set  of  bus 
design  parameters  shown  in  Figure  3.  As  expected. 
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these  parameters  vary  both  as  function  of  mission 
and  orbital  parameters,  in  the  area  of  Guidance, 
Navigation  and  Control  (GN&C)  the  most  stringent 
requirements  (pointing  and  jitter)  are  dictated  by  the 
electro-optical  mission  from  GEO.  This  mission  also 
has  the  largest  communications  data  rate  demand. 
The  requirement  for  autonomy  falls  under  the 
general  heading  of  Command  and  Data  Handling 
(C&DH)  and  can  be  up  to  180  days.  To  achieve  this, 
it  is  thought  that  connectivity  with  the  U.S.  Global 
Positioning  System  (GPS)  would  be  required  to 
provide  ephemeris  updates.  The  propulsion 
requirements  are  driven  by  the  need  for  orbit 
reconstitution  (on-orbit  maneuvering).  This  will  be 
discussed  later  in  this  paper.  Finally,  the  bus  will 
need  to  be  protected  from  the  natural  space 
environment  as  a  minimum.  It  is  recognized  that  a 
truly  common  bus  design  may  compromise  these 
requirements  but  to  determine  the  extend  of  such 
compromise  will  require  more  detailed  study. 


Two  launch  strategies  have  been  considered  for 
TACSAT  application;  launch  on  demand  and  launch 
on  schedule.  To  understand  the  implications  of 
these  strategies,  the  launch  vehicles  available  to  the 
TACSAT  must  be  examined.  In  the  current  fleet  of 
United  States  launch  vehicles,  the  medium  launch 
vehicle  (MLV),  i.e..  Delta  7925,  is  the  one  that 
comes  closest  to  satisfying  the  TACSAT 
requirements.  With  a  solid  propellant  kick  motor,  it  is 
capable  of  placing  approximately  900kg  into  a 
geosynchronous  orbit.  This  represents  a  40%  over 
capacity  for  the  635  kg  TACSAT  described.  An 
Atlas  class  MLV,  will  place  approximately  1500  kg 
into  GEO  allowing  TACSATS  to  be  launched  two-at- 
a  time  if  such  a  launch  strategy  is  deemed  to  be 
advantageous.  For  low  altitude  satellite 
deployment,  the  Pegasus  lift  capability  is  about  400 
kg;  somewhat  shy  for  the  satellite  discussed  in  this 
paper.  The  Taurus,  which  is  essentially  a  Pegasus 
on  top  of  a  Peacekeeper  first  stage,  appears  ideally 
suited  to  this  application.  This  vehicle  is,  however, 
still  in  the  development  stage. 

Responsiveness  is  a  characteristic  generally 
associated  with  TACSATS.  The  capability  to  rapidly 
deploy  the  satellite  to  the  area  in  which  it  is  needed 
is  essential.  When  examining  the  responsiveness 
of  our  current  launch  fleet,  however,  the  nominal 
time  from  the  mating  of  the  spacecraft  to  the  launch 


vehicle  until  the  launch  can  actually  take  place  is  24 
days  for  an  Atlas  II  and  7  days  for  a  Delta  ii.  By 
streamlining  the  process,  it  may  be  possible  to 
reduce  this  time  down  to  7  and  5  days  respectively. 
Add  to  this  the  travel  time  to  orbit  and  the  spacecraft 
checkout  time  once  orbit  has  been  achieved  and  it  is 
not  clear  whether  the  GEO  based  satellites  can  be 
responsive  enough  using  a  launch  on  demand 
strategy  to  meet  user  requirements.  On  the  other 
hand,  for  the  low  altitude  satellites  launched  on  a 
Taurus,  it  appears  that,  with  judicious  satellite 
design,  response  times  on  the  order  of  24  to  48 
hours  may  be  possible.  It  should  be  noted  that 
modifying  the  launch  vehicle  alone  is  not  sufficient 
for  rapid  response.  Today's  spacecraft  can  require 
days  or  weeks  of  checkout  after  they  achieve  orbit, 
if  surveillance  data  is  to  be  obtained  in  the  first  orbit, 
for  example,  design  features  such  as  blowdown 
focal  plane  coolers  and  optics  contamination 
avoidance  systems  must  be  incorporated. 

For  the  GEO  based  satellites,  an  alternate  means  of 
providing  responsiveness  has  been  studied,  in  this 
strategy,  the  satellites  would  be  launched  when 
available  or  on  some  predetermined  schedule  and 
stored  in  orbit.  The  satellites  could  be  stored  in  a 
dormant  condition  and  activated  when  needed, 
thereby,  minimizing  satellite  life  degradation.  The 
satellites  could  be  stored  at  a  convenient  point  in 
the  GEO  belt  and  repositioned  to  the  area  of  interest 
as  the  need  arises.  Figure  4  shows  that  a  600  kg 
class  satellite  could  be  shifted  up  to  30°  per  day  with 
the  expenditure  of  no  more  than  45  kg  of  fuel.  It  is 
doubtful,  however,  that  if  several  satellites  are 
stored  in  this  manner,  there  would  be  a  requirement 
for  this  high  rate  of  orbital  shitt.  It  seems  more 
reasonable  to  anticipate  maneuvers  on  the  order  of 
5°  per  day  considering  that  crises  or  conflicts  do  not 
normally  occur  instantaneously  but  rather  develop 
over  some  period  of  time.  Under  these  corjditions, 
the  45  kg  of  propellant  could  provide  4  to  5  such 
maneuvers  per  satellite  without  affecting  satellite  life 
on  orbit. 

In  summary,  this  initial  study  has  shown  that 
TACSATs  can  be  used  to  augment  the  existing 
backbone  space  architecture  by  providing  a 
capability  that  currently  doesn't  exist,  such  as  tactical 
surveillance,  or  by  adding  to  an  existing  capability, 
such  as  communications,  in  times  of  crisis  or  conflict. 
In  this  manner,  it  could  also  be  used  to  provide  an 
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interim  capability  should  one  or  more  of  the 
backbone  satellites  fail.  In  order  to  make  the 
concept  practical,  however,  the  systems  must  be 
affordable.  One  method  of  achieving  such 
affordability  is  through  maximization  of  commonality. 
It  has  been  shown  that  commonality  can  be 
achieved  at  least  on  two  levels;  a  single  satellite  that 
can  perform  more  than  one  mission  or  a  common 
bus  with  interchangeable  payloads.  Respon* 
siveness,  which  is  another  key  element  of  the 
TACSAT  concept,  can  also  be  achieved  in  several 
ways.  For  low  altitude  satellites,  rapid  launch  on 
demand  is  possible  while  for  GEO  satellites,  storing 
on  orbit  aixf  on  orbit  repositioning  appears  to  make 
more  sense.  To  make  either  of  these  strategies 
work  requires  that  the  system  has  a  tow  infant 
mortality,  i.e.,  when  you  turn  it  on,  it  works.  Finally, 
the  system  must  be  responsive  to  user  demands. 
This  means  user  control  of  the  asset  and  direct 
transmission  of  data  to  the  user  terminal. 

In  conclusion,  the  timing  is  right  for  the 
consideration  of  a  TACSAT  capability.  With  the 
recent  geopolitical  upheavals,  the  focus  shifts  from 
the  anxiety  of  global  nuclear  war  to  regional,  tactical 
areas  of  conflict.  Such  a  shift  leads  to  increased 
demands  for  information  and  capabilities  that  can 
only  be  achieved  from  space.  Furthermore,  the 
areas  of  operation,  although  limited  in  size,  are  likely 
to  be  worldwide.  The  ability  to  bring  assets  to  bear 
rapidly  will  be  of  paramount  importance.  Recent 
experience  in  Desert  Storm  has  attested  to  this 
supposition.  The  value  of  space  assets  for 
surveillance,  communications,  weather  and 
navigation  was  clear.  System  shortcomings,  such  as 
the  inability  to  get  some  data  directly  to  the  user  was 
also  evident.  Desert  Storm  also  demonstrated  the 
impact  of  a  cooperative,  coordinated,  multinational 
effort.  This  trend  is  likely  to  continue  in  the  future 
forcing  requirements  to  be  specified  on  a  universal 
rather  than  a  national  level.  These  common 
concerns  and  needs,  along  with  the  severe  military 
spending  cuts  that  are  facing  individual  nations, 
provide  a  greater  opportunity  for  international 
cooperation  in  the  development  and  use  of  space 
systems.  The  TACSAT  concept  is  particularly 
attractive  in  this  regard  by  providing  the  means  of 
acquiring  incremental  capability  on  an  as  needed 
basis.  If  the  degree  of  commonality  and 
interchangeability  discussed  in  this  paper  can  be 
achieved,  the  TACSAT  can  provide  a  new  way  of 


deploying  and  operating  space  assets,  one  that 
gives  the  user  direct  control  aixf  the  ability  to  receive 
critical  data  in  a  direct  arxj  timely  manner. 


Optics 
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Fig  1.  Muiti-mission  sensor 
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No 
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Stationkeeping 
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Fig.  3.  Generalized  design  budget  for  TACSAT  common  BUS 


Fig  4.  Repositioning  at  GEO 


Discussion 


Question:  To  meet  stated  requirements  for  area  coverage, 
how  many  spacecraft  will  be  needed,  given  a  9km  X 
9km  IFOV?  The  issue  is  whether  the  total  constellation 
size  needed  will  drive  costs  beyond  affordability. 

Reply:  A  single  satellite  takes  9  X  9km  snapshots 
anywhere  in  the  acquisition  area.  The  number  of  areas 
to  be  imaged  and  the  dwell  time  on  each  target  area, 
as  well  as  the  revisit  time  requirements  and  the  orbital 
altitude,  will  dictate  the  number  of  satellites  required. 
Tradeoffs  have  not  been  conducted  to  assess  af foraability 
as  a  function  of  requirements,  but,  as  you  observed, 
the  requirements  must  be  kept  under  control  or 
affordability  will  be  lost. 


EVOLUTION  OR  REVOLUTION  -  THE  CATCH  22  OF  TAC3ATs? 
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1  Introduction 

The  poientiai  exploitation  of  TACSATs  is  limited  by  a 
vicious  circle  in  which  users  do  not  specify  rc^uiremems 
which  they  believe  to  be  inieasible  and  the  space  industry 
does  not  offer  radically  new  solutions  because  it  perceives 
no  demand.  This  is  the  Catch  22  of  the  title. 

This  paper  aims  to  show  some  of  the  possibilities  if  we  break 
out  of  that  vicious  circle.  .A  private  civilian  Earth 
observation  mission  tSeaStar)  is  adopted  as  a  basoline.  In 
order  to  illustrate  what  might  be  possible,  military 
payloads  for  surveillance,  verification  and  C3I  arc 
suggested,  derived  from  land  or  atr  based  systems  that  either 
already  exist  or  arc  known  to  be  under  development.  It 
must  be  appreciated  that  these  arc  not  presented  as  proposed 
designs,  merclv  as  a  kind  of  "existence  proof  for  high 
performance  and  low  cost  satellites. 

It  is  possible,  on  the  basis  of  this  “existence  proof,  to 
explore  some  of  the  operational  consequenc,  ;  of  the  more 
gencrtii  use  of  TACSATs. 

2  “Traditional”  space  thinking 

There  has  been  a  development  in  the  space  projee  s  carried 
out  in  the  USA  and  Luronc  from  the  early  days  of  simple, 
dedicated  and  inexpensive  missions,  through  to  the  present 
position  where  most  missions  arc  complex,  multi-purpose 
and  expensive. 

This  is  a  result  of  a  positive  feedback  mechanism'  which 
systematically  forces  space  missions  to  become  more 
expensive,  take  longer  to  execute  and  fail  to  satisfy  the 
needs  of  their  users.  The  positive  feedback  mechanism  starts 
with  the  belief  that  space  projects  are  expensive.  The 
consequence  of  this  belief  is  that  there  will  not  be  many 
projects.  Few  projects  mean  that; 

they  must  be  planned  carefully  to  get  the  best  out  of 
them; 

they  must  be  reliable; 

they  need  to  be  large  to  achieve  a  lot  from  each 
project; 

there  will  be  little  competition  (not  oniy  commercial 
competition  between  suppliers  but  there  is  also  little 
room  for  competition  of  ideas). 

Each  of  these  brings  consequences  for  the  conduct  of  the 
projects.  Planning  causes  delays.  High  reliability  when  not 
building  many  systems  means  that  integrity  must  achieved 
by  design  This  precludes  the  u.sc  of  the  latest,  unproven 


technology  and.  taken  with  the  planning  delays,  means  that 
spacecraft  arc  built  with  obsolete  components,  Large 
projects  need  large  launch  vehicles  which,  when  combined 
with  the  lack  of  competition  and  the  need  for  high 
reliability,  means  that  launch  is  expensive. 

Large  projects  also  require  Large  payloads  and  justify  a 
large  land  expensive)  ground  infrastructure.  Large 
payloads  bring  a  twist  of  their  own.  The  space  systems  are 
too  big  to  be  built  by  a  single  contractor  and  it  is  necessary 
to  invoke  a  complex  (and  expensive)  management 
structure.  One  consequence  of  this  is  that  it  is  difficult  to 
perform  optimisation  trade-offs  between  components  of  the 
system  because  of  the  rigid  contractual  boundaries.  This 
results  in  non-optimum  designs  built,  as  argued  above,  with 
obsolete  components,  which  leads  to  very  poor 
performance  per  kilogramme.  Here  is  the  first  vicious  spiral 
because  poor  performance  r>cr  kilogramme  requires  even 
bigger  payloads. 


When  all  of  these  arguments  are  brought  together,  the 
resulting  vicious  spiral  reinforces  ihc  opening  premise: 
"space  projects  arc  expensive".  Any  perturbation,  like  a 
launch  vehicle  failure,  causes  more  passes  around  the  spiral 
which  reinforces  the  premise  and  the  costs  climb  further. 

It  is  important  to  recognise  that  there  is  no  malicious  act  in 
this  spiral.  It  is  a  consequence  of  reasonable  decisions  being 
taken  at  each  stage  of  the  design  and  planning  of  these 
projects,  Thai  is  why  revolutionary  changes  in  the 
procedures,  practices  .and  thinking  are  needed  to  reverse  the 
cost  drivers. 

What  could  happen  if  all  of  these  changes  in  approach  were 
to  occur?  If  it  is  assumed  that  space  projects  are  cheap,  a 
different  positive  feedback  picture  emerges,  a  virtuous 
spiral. 
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This  now  points  towards  the  revolutionary  approach. 
Miltary  space  missions  could  exploit  sub  systems  already 
developed  for  air  or  land  based  use  and  achieve  integrity 
through  redundancy  (many  missions)  and  through  the 
benefits  of  a  production  run  rather  than  one-off  build.  The 
reduced  cost  of  the  missions  would  allow  them  to  be  treated 
as  tactical,  rather  than  strategic,  assets.  Tlic  rest  of  this  paper 
will  look  at  some  possible  military  missions  for 
surveillance,  verification  and  C3I.  based  on  a  st.indard 
civilian  Earth  observation  bus. 


3  Baseline  for  military  missions 

llackground 

The  ScaStar  mission,  being  executed  by  Orbital  Sciences 
and  Hughes  Aerospace  provides  ■■'•ference  on  which  to 
base  possible  military  missions^.  It  is  a  civilian  earth 
observation  mission,  designed  to  monitor  the  ocean  colour, 
a  measurement  that  is  considered  to  be  of  great  value  to 
envirorunental  research  and  possibly  to  be  of  commercial 
value. 

ScaStar  is  based  on  the  PegaStar  bus  which  offers; 

3  axis  stabilisation  to  ±1°; 

at  least  170  W  mean  electrical  power; 

up  to  5  year  life; 

up  to  70  kg  payload  mass; 

payload  <lm  diameter  and  <1.5  m  long; 

encrypted  data  downlinks  (L-band  and  S-band  at  up  to 

2  Mbit  s’ h; 

>150  Mbytes  on-board  data  storage; 
shock  and  vibration  environment  similar  to  that  of 
military  aircraft 
Cost 

The  financial  basis  of  SeaStar  is: 

commercial  private  venture  development  and 
operation,  against  commitment  by  NASA  to  purcha.se 
data  ; 

agreed  price  S43M  for  5  years  of  data,  including  all 
construction,  launch  and  operations. 

It  will  be  assumed  that  any  of  the  payloads  considered  in 
this  paper  will  cost  no  more  than  the  SeaStar  payload.  ()n 
this  basis,  it  will  be  assumed  that  the  total  cost  of  a  5  year 
mission,  including  launch  and  operations,  will  be  SlOM 
per  year.  Informal  discussions  with  Orbital  Sciences  havc 
indicatcd  that  a  short  mission  (<1  year)  would  cost  no  more 
than  .SI 2M. 

Orbital  altitude 

All  of  the  payloads  considered  in  this  paper  arc  more 
effective  at  lower  altitude  and  400  km  will  be  assumed. 
Drag  from  the  residual  atmosphere  will  be  between  0.02 


mN  m  and  0.'  mN  m"'^,  depending  on  the  slate  of  the 
solar  cycle^.  Orbit  maintenance  will  require,  at  worst  case.  2 
kg  of  fuel  per  year,  assuming  a  cross-sectional  area  of  2jv?- 
and  a  thruster  of  Ijp  =  300  s.  It  will  be  assumed  that  such  a 
spacecraft  at  400  km  altitude  will  require  no  more  fuel  ai 
launch  than  would  be  needed  for  SeaStar  at  705  km. 

Observation  opportunities 

It  will  be  assumed  that  the  purpose  of  the  spacecraft  is  lo 
observe  a  specified  point  as  frequently  as  possible  and.  for 
simplicity,  only  circular  orbits  will  be  considered. 

The  average  number  of  passes  per  day  by  1  to  5  satellites  m 
the  most  appropnaie  orbit  at  an  altitude  of  400  km  is 
shown  below,  assuming  that  the  sensor  has  an  off-nadir 
capability  of  300  km'*.  The  distribution  of  those  viewing 
opportunities  depends  on  the  exact  choice  of  launch  time 
and  inclination  of  the  orbit. 


4  Possible  military  missions 

Three  types  of  mission  will  be  considered:  -  surveillance, 
verification  and  C3I.  In  each  case,  the  approach  will  be  lo 
examine  the  performance  that  might  be  expected  if  the 
payload  were  to  be  a  conventional  terrestrial  or  airborne 
system. 

The  mechanical  stresses  of  launch  will  be  no  worse  than 
encountered  in  a  military  aircraft.  Radiation  effects  will  not 
be  significant  at  an  altitude  of  400  km.  The  only  special 
constraint  of  space  is  the  need  for  high  reliability  ■  40,000 
hours  would  be  required  for  a  5  year  mission. 

Surveillance 

A  possible  surveillance  payload  is  the  airborne  radar  under 
developme-t  for  the  Advanced  Tactical  Fighter  radar^. 
Annex  A  shows  that  it  is  falls  within  the  constraints  of  the 
mission  baseline. 

Three  surveillance  modes  can  be  considered: 
for  air  surveillance: 

look-down  Moving  Target  Indication  (MTIl; 
matched  illumination; 
for  ground  surveillance: 

spotlight  Synthetic  Aperture  Radar  (SAR). 

The  application  of  these  in  naval  or  land  actions  can  be 
seen  as  analogous  to  stand-off  radar,  Remotely  Piloted 
Vehicles  (RPV)  or  the  ideas  for  organic  air  protection  of 
fleets  using  airships. 

A  different  approach  to  surveillance  would  be  to  use  an 
infra-red  imager,  operating  in  the  3-5tim  or  10-12)im 
bands.  Annex  B  describes  an  optical  sensing  system  for  the 
visible  bands  and  informal  discussions  with  Questar  have 
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indtcalcd  dial  an  IR  version  ot'  the  12"  telescope  is  being 
considered.  A  256  element  Imcu  detector  array  would 
allow  imaging  a  strip  -2  5  krn  wide  wuh  -  10  m  spatial 
resolution  m  the  J-5pm  band  'Phis  would  allow  detection 
of.  for  example,  thermal  signatures  on  runways  where 
aircraft  have  taken  off  or  the  detection  of  hot  spots  on 
armoured  vehicles  caused  by  the  heat  of  Iheir  engmes. 

Verification 

-Space  based  verification  systems  may  be  u:  cd  to  cue 
ground  or  ovcrllight  inspections  A  system  with  moderate 
spatial  resolution  hut  with  the  nexibiHty  to  image 
frequently  and  without  warning  might  be  an  effective 
Jcierrem  to  breaches  ot  a  treaty. 

I'he  optical  system  described  in  Annex  B  would  allow  2  km 
square  images  of  any  (xiint  to  ire  obtained  with  a  spatial 
resolution  of  1  m  This  is  adequate  tor  the  detection  ot  all 
and  recognition  of  most  tvqx's  of  largel.  Th.e  s.iiollile  may 
be  tasked  with  a  list  of  points  of  interest  and  can  then 
autonomously  collect  the  images  and  either  broailcast  them 
to  a  local  receiver  or  store  them  on  bo-ird  ami  down  load 
when  next  passing  over  headquarlers.  There  are  -.everal 
optxirtunilies  per  dav  lo  image  Ihe  point  oi  interest  with 
one  satellite, 

( 

Tliere  are  many  aspects  to  C'.'l  which  might  be  .iddressed  by 
means  ot  satellites.  .-\niie\  considers  the  te.isibility  and 
pertotmance  ol  a  rasiar  T..SM  svsieni  used  to  deteci  and 
iderUits  pulse  and  C'W  emitters.  The  b.iseline  system. 
Kestrel,  is  designed  lor  .iirborne  use  and  can  otter 
significant  tactical  capability,  particularly  if  Ihe  satellite 
version  of  the  mulli  porl  antenna  has  higher  gam  than  that 
employed  in  die  airborne  version. 

I  >nc  possible  use  of  this  system  would  be  i.ivtical  T.SM  The 
s' stem  on  txiard  the  satellite  woiikl  uiehide  die  s.ipabiltiv 
10  deinterleave  and  track  radar  eniilters  .iiid  would 
broadcast  its  track  table  ipossibly  including  radar 
iderilitivaiion)  to  tactical  held  units  .Vltliough  li.S.M  only 
gives  an  estimate  of  the  direction  of  the  threat  from  the 
receiver  but  not  its  range,  the  rapid  motion  ol  the  sa'cllitc 
might  make  it  possible  lo  locate  the  iratismitier  bv 
inanguiation  as  the  satellite  passes  Tlie  use  ol  two  or  more 
satellites  has  not  been  considered  here  hut  slearlv  iliis 
could  piovuie  more  iiiimediale  ami  leliahle  location 

An  even  more  powerl"!  wav  of  usme  two  s.itcllilcs 
eooperalivcly  would  be  lo  compare  the  lime  ol  arrival  ol 
individual  pulses  at  each  satellite  r.iiher  than  to  compare 
the  characteristics  ol  pulse  trains.  This  would  noi  however 
be  wiihiri  the  capabililv  ol  ,i  vonvenlional  airborne  [r.SM 
'Vsiem  like  Kestrel 

5  Operational  implications 

The  possible  military  missions  suggesicd  iridicale  what 
might  be  possible  There  are  iwo  important  operational 
implications: 

It  IS  assunied  that  the  s.iiellilcs  would  be  launched  on 
ilemand  lo  provide  cover  ol  speed ic  points  ol  interest, 

(he  satellites  c.m  communicate  diieelly  wnh  field 
units,  .tllowmg  the  data  dial  is  collected  to  he  relayed 
in  real  lime  to  users  and  .dlowing  the  users  lo  task  and 
control  the  satellites. 

Liiiiich  on  demand  ol  a  Lonslellalion  ol  saleliiles  iiiav  seem 


to  be  an  expensive  opium  fiowevei,  it  stiould  lx*  seen  in 
die  conicxl  ol  the  eosiv  ot  coiiveidioital  Miiveiitanve  assels 
such  as  stand  olt  surveiilaiice  aiiiTati  It  tlvaiiy  not 
.ipptopriale  to  compare  direci!;,  ,l.e  cos.s  ol  TAl'SA’Ts  and 
jircrall  since  Ihey  oiler  ditl'erenl  ^  .ipabiiiiie.s  hut 
surveillance  aircrall  illuslraie  the  sums  o!  m.snev  that  con 
be  allocaieii  to  ijclical  stiiveiijance.  v  eid  u  .ilmn  oi  t  'i 

The  cost  ol  operating  a  survedljiKe  jiriKdi  o  o!  the  ordc' 
of  SSfKKI  pet  flour.  Tfius.  itie  cost  ,d  24  tuuir  sovei  u>i  one 
vear  would  be  id  the  order  ol  V  tU.M  To  iliis  must  be  added 
die  elleclive  cost  ot  itie  iinile  p:on.ihiiii>.  iii.ii  the  .nrcialt 
may  tv  lost  due  to  enemv  .iction 

,A  coiislcilation  ol  4  s.iielhtes  would  ptov  life  ..over  nunv 
times  per  .lav  and  not  be  vulnerabie  to  .la  to  .or  or  ground 
to  air  missiles  at  a  cost  ol  no  m.irc  than  SbtlM  for  one  vear. 
The  linaricial  ease  lor  satelliies  is  stronger  if  the  o[x'ration  is 
required  lo  eoniinuc  for  longcT  than  one  sear  For  example, 
a  drugs  interdiction  supptirl  otvration  could  use  '  saielhtes 
lo  view  I'enlral  .America  and  the  northern  loa.st  ol  South 
.America  more  than  I''  limes  jier  d.iv  .it  .i  cost  of  S.BIM  per 
'.ear. 

Direct  communication  witfi  tieUI  i.iius  teprevenis  a 
lev oluiionarv  cliange  oi  ihe  operationai  managcnieni  ol 
space  avseLs.  Ii  recognises  dial  TA(,  S.A  Ts  ,ire  i.icdcat  asseLs.  to 
be  deplovcd  ,ind  exploited  under  die  sormoi  of  laclieal 
somtnanders  analogous  lo  ans  odier  i.iclu.il  asset 

It  IS  iiKonceiv  ,ible  that  sp.iee  .isseis  c'Uihl  be  considered 
laclieal  unless  they  were  much  cheaper  to  purchase  ,rnd 
iqrcratc  than  than  current  strategic  asseis.  However,  d  is 
exacllv  this  approach,  which  would  le.id  to  production  runs 
ol  salelhles  comparable  lo  diose  of,  lor  example,  fighter 
aircraft,  that  would  cause  she  space  assets  to  be  cheaper. 

6  (.'  i)  n  c  I  u  s  i  0  n  s 

The  arguinciil  has  run  full  ciicic  Tins  paper  has  presented 
m  approach  to  the  provision  ol  T.AC'S.A'Ts  based  on  three 
premises 

die  use  ol  an  '.lexpeiivivc  si.md.ird  bus, 

payloads  using  niililarv  sub  svstems. 

ilircvl  control  .ind  tasking  o!  the  satellite  Irom  l.iciical 
commanders  m  itio  field 

If  these  Ihree  rules  are  adopleil.  it  is  .irgueil  that  it  will  be 
possible  lo  break  out  of  ihe  C.ilcli  2  2  and  achieve 
inexpensive  operalional  T.AC'.S.ATs  which  convey 
significant  mildarv  advantage 
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Annex  A  Radar  system 

A.l  Background 

1 1  is  possible  to  establish  the  feasibility  in  principle  of 
operating  a  radar  on  a  TACSAT,  by  examining  in  outline 
the  power  budgets  and  hence  signal/noise  ratio  that  might 
be  achieved  using  an  advanced  airborne  radar.  The  model 
that  will  be  used  here  is  the  Advanced  Tactical  Fighter 
(ATF)  radar  cunenily  under  development.  A  description  ol 
the  this  development  programme-'  included  the  following 
quotations: 

The  USAF  has  pursued  X-band  AESA  (Active 
Electronically  Scanned  Array)  technology  since  the 
early  1980s  for  three  mam  reasons:  power/weight  ratio, 
agility  and  reliability.  With  more  than  a  thousand 
transmit/receive  (T/R)  modules,  each  capable  of 
generating  around  lOW  of  power,  the  F-22  has  a  peak 
power  in  the  megawatt  range,  should  that  be  required. 

Ultimately,  a  maintcnance-lrec  life  ol  20.1)00  h  the 
lifetime  of  the  aircTaft  ■  is  possible. 

Synthetic  aperture  radar  i.SAR)  ...  is  not  in  the  baseline 
but  the  hardware  can  do  it  ... 

A. 2  Radar  equation 

The  follow'ing  assumptions  will  be  made: 
number  of  T/R  modules:  4000 

module  power:  lOW 

square  anay,  half-wave  clement  spacing 
wavelength:  30  mm 

This  indicates  an  antenna  gain  of  -39  dB  and  an  effective 
antenna  area  of  -  1  m^.  If  the  spacecraft  is  at  400  km 
altitude  and  a  target  of  cross  section  Im-  is  located  300  km 
from  the  satellite  track,  then  the  received  power  will  be 
-165  dBW.  If  a  receiver  noise  figure  of  5  dB  and  detection 
threshold  of  10  dB  are  assumed,  then  the  integrating  time 
will  need  to  be  -  3ms. 

The  beam  width  will  be  -  15  km  at  500  km  range.  An  area 
of  500  km  square  will  comprise  of  the  order  of  1000 
resolution  cells.  A  transmitter  power  of  40  kW  and 
integrating  time  of  3  ms  per  cell  will  require  -  0.1  MJ  of 
transmitted  energy.  The  total  energy  available  to  the 
payload  is  of  the  order  of  50  MJ  per  orbit. 

A.  3  Operational  mode.s 

Air  surveillance 

Any  look-down  radar  suffers  from  ground  clutter  and  the 
system  described  here  will  be  particularly  badly  affected 
because  of  the  relatively  wide  beam  width.  Two  techniques 
that  might  be  employed  to  improve  the  detectability  of 
airborne  targets  arc: 

Doppler  MTI; 
matched  illumination. 


analysis. 

Matched  illumination  uses  modulation  schemes  matched  to 
the  characteristic  dimensions  and  resonances  of  the  targei. 
This  has  been  used  to  identify  specific  aircraft  types*.  No 
Inals  have  been  reported  of  the  use  of  this  technique  to 
reject  ground  clutter  but  Uic  selectivity  shown  in  the 
identification  trials  suggests  that  it  might  be  effecuve. 

(Jround  surveillance 

Ground  surveillance  to  detect  and  locate  vehicles  could  be 
earned  out  using  spotlight  .SAR.  Typical  performance 
would  be  to  form  a  SAR  image  of  a  single  i5km  diameter 
region  tcorresponding  to  the  beam  width)  on  each  satellite 
pass.  A  synthetic  aperture  of  15  km  (torrcspanding  to  2  s  of 
illumination)  would  allow  a  SAR  image  of  1  rn  resolution 
to  be  constructed. 

Current  real-time  SAR  processors  capable  of  this  level  of 
processing  have  a  mass  and  power  consumption  suiuble  for 
airborne  use  and  might  feasibly  be  carried  on-board  the 
satellite.  .Alternatively,  the  raw  -iiia  could  be  broadcast  for 
ground  processing. 


Doppler  MTI  may  be  employed  provided  that  the  radar  is 
directed  across  track  to  detect  targets  with  a  significant 
velocity  component  towards  the  satellite.  The  performance 
of  MTI  with  the  wide  beam  of  this  radar  needs  further 
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Annex  B  Optical  system 

B.l  Background 

This  design  explores  what  might  be  achieved  using  existing 
space  or  military  quality  subsystems  to  build  a  high 
resolution  imaging  system.  The  spacecraft  has  a  space- 
qualified  version  of  a  commercial  telescope  mounted  such 
that  it  can  be  rotated  about  an  axis  aligned  within  ~  1“  of 
the  direction  of  travel.  A  linescan  imager  is  mounted  at  the 
focus  of  the  -lescope.  aligned  so  that  it  sweeps  a  swath 
along  the  di.vction  of  travel  (pushbroom). 

The  design  presented  here  can  provide  2  km  square  images 
with  a  spatial  resolution  of  1  m.  The  image  region  is 
selected  by  rotating  the  telescope  for  the  across-track 
dimension  and  selecting  the  time  of  recording  for  the 
along-track  direction.  The  position  of  the  satellite  must  be 
determined  to  -  50  m  in  all  three  dimensions  and  the 
orientation  of  the  telescope  to  -  1  mrad  in  three  directions 
to  permit  the  centre  of  the  image  Ir  be  selected  to  an 
accuracy  of  -  0.5  km. 


B.2  Telescope  and  .sensor 

The  primajy  optical  system  is  a  space-qualified  version  of 
the  standard  Questar  12  "  lelesc'pe.  The  key  parameters  of 
Its  specification  are: 


resolution: 
focal  length: 
aperture: 
dimensions: 
mass: 

vibration  tolerance: 

material: 

price: 


if.^X  tire  see 

4572mm 

305mm 

-Im  long,  -.'50mm  diameter 

~55kg 

lOg 

invar 

-S200k 


It  is  understood  that  this  telescope  has  been  used  on  US 
military  spacecraft. 


The  baseline  design  is  to  use  the  Rclicon  RA2048J  charge 
coupled  device  (CCD)  detector  operating  in  time  delay 
integration  iTDI)  mode.  It  has  to  be  configured  so  that  its 
long  axis  of  2048  sensors  is  perpendicular  to  the  track  of 
the  spacecraft  and  the  clock  frequency  in  the  transverse 
(short)  axis  of  64  detectors  is  synchronous  with  the  velocity 
of  the  spacecraft. 

The  signal/noise  ratio  of  the  detector,  D,  is  given  by: 

D  =  r  a  A  T  .s/'N 

where: 

r  is  the  radiance  of  the  Ea'  h.  as.somed  to  be  of  the 
order  of  lOOWm  ^sr  *.  iTIiis  figure  is  sufficiently 
consrrvative  to  include  large  sun  /.enilh  angles 
encountered  ,it  high  latitudes.) 


a  is  the  area  of  ground  mapped  onto  one  pixel  of  the 
detector  (assumed  to  be  1m'-) 


A  is  the  solid  angle  subtended  by  the  telc.scopc 
aperture  (0.45  x  l()‘*^st  at  an  altitude  of  4()0km) 


the  spacecraft  to  tly  64m  (8,5ms) 
s  is  the  sensitivity  of  the  detector  (480  nV  J  *  ) 

N  is  the  detector  noise  level  (200  pV  RMS) 

The  signal/noise  ratio  is  thus  ~  1000. 

The  detector  pixels  are  approximately  25pm  square.  This 
requires  the  focal  length  of  the  optical  telescope  to  be  lOm. 
A  secondary  lens  will  be  needed  but  this  does  not  have  to 
be  of  particularly  high  optical  quality.  The  type  of  lens 
used  as  a  x2  icleconvcrtor  for  35mm  SI.R  cameras  would 
probably  be  suitable. 

B.3  iNavigation  and  positioning; 

If  it  is  assumed  that  the  nominal  2km  square  image  must  be 
centred  on  the  target  position  with  an  accuracy  of  ±  500m. 
It  is  necessary  to  know  the  orientation  of  the  telescope  to  an 
accuracy  of  the  order  of  0.5  mrad. 

Navigation  information  will  be  derived  from  a  GPS 
receiver  and  onemauon  is  obiaincd  from  a  sl.ar  sensor. 


.\  possible  implementation  ol  ihc  GPS  receiver  is  to  carry 
out  the  signal  acquisition  and  processing  in  software  within 
the  on-board  processing  system.  .A  baseline  design  using  a 
single  transputer  exists  ,ind  would  meet  the  requirements 
with  a  power  consumption  of  -().5W.  It  is  likely  that  a  more 
appropriate  processor  could  be  used  to  reduce  this. 


The  star  sensor  is  mounted  on  ihc  telescope  to  ensure  that 
there  is  a  constant  angle  between  die  two.  if  it  is  assumed 
that  liic  properties  of  the  star  sensor  arc; 


field  of  view:  25" 

number  of  stars  for  reliable  fix:  6 
(hence  need  to  use  stars  of  5th  magnitude) 


spacecraft  roll  rate:  10  mrad  s'^ 

(=  -  I  revolution  every  10  minutes) 
integration  iimc:  50  ms 


llux  from  5th  magnitude  star; 
detector  scnsiliviiy  and  noise: 
sensor  aperture: 
detector  array: 


2.5  X  U)-‘-^  Went  ‘ 
,is  Rclicon  above 
40  mm  diameter 
500  X  500  elemems 


then  It  will  be  capable  of  meeting  the  target  of  0.5  mrad 
accuracy  if  it  is  possible  to  interpolate  to  one  half  of  a  pixel 
with  a  signal/noise  ratio  of  around  70.  This  is  considered  to 
be  well  within  the  performance  of  current  interpolation 
algorithms 


T  is  the  integrating  time,  defined  as  the  time  laken  for 
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Annex  C  ESM  system 

C.l  Background 

An  airborne  ESM  system  might  provide  a  suitable  basis  for 
a  tactical  communications  or  radar  monitoring  satellite. 
The  baseline  that  will  be  assumed  here  is  the  Kestrel  Mk  H 
made  by  Racal*.  This  is  a  radar  ESM,  capable  of  detectmg, 
deinterleaving  and  tracking  radar  emissions  between  C  and 
J  band. 

C.l  Detection  capability 

Kestrel  employs  a  six  port  amplitude  comparison  receiver 
to  measure  signal  bearing.  The  standard  antennas  give  360" 
coverage  in  azimuth.  25°  coverage  in  elevation,  a  typical 
pulse  sensitivity  of  -60  dBmi  and  bearing  accuracy  of  4.5" 
RMS.  This  would  delect  the  main  lobe  of  a  10  MW  ERP  C- 
band  radar  at  a  range  of  500  km.  It  would  also  be  possible 
to  locate  the  radar  to  an  accuracy  of  approximately  50km 
by  tracking  the  bearing  of  the  radar  as  the  satellite  passes. 

Antennas  with  greater  gain  could  be  used  at  the  cost  of 
sacrificing  the  360"  capability.  This  would  be  more  easily 
achieved  at  higher  frequencies  and  it  might  be  appropriate 
to  replace  the  Band  3  antenna  (I  to  1  band)  with  a  multiple 
feed  horn  and  rellector.  A  rcncctor  of  the  order  of  500  mm 
in  diameter  might  be  expected  to  give  20  dB  improvement 
in  sensitivity  and  a  factor  of  10  improvement  m  bearing 
accuracy  but  would  not  add  greatly  to  the  mass  or  cost  of 
the  system.  This  would  allow  the  system  to  detect  sidelobcs 
of  pulse  radars  and  to  locale  them  to  an  accuracy  of 
approximately  5  km. 

Deinterleaving  and  tracking  of  repetitive  pulse  trains  and 
identification  of  emitters  is  strongly  dependent  on 
frequency  measurement.  The  worst  case  doppler  shift  caused 
by  the  satellite  motion  will  be  -  1  MHz  and  hence  within 
the  frequency  resolution  of  the  receiver. 

C3  Mechanical  and  electrical 
constraints 

The  three  mam  building  blocks  of  Kestrel,  other  than  the 
antennas  and  receivers,  arc  a  parameter  measurement  unit 
(PMU),  a  data  processor  unit  (DPU)  and  a  man-machine 
interface  (MMI),  The  PMU  would  need  to  be  on-board  the 
satellite,  the  MMI  is  clearly  on  the  ground  and  the 
functions  of  the  DPU  could  be  distributed  between  the 
satellite  and  the  ground.  There  would  be  merit  in 
maximising  the  fraction  that  is  on-board  the  satellite 
because  it  is  likely  that  there  would  be  many  users  for  one 
satellite,  each  of  whom  would  require  the  ground-based 
elements  of  the  DPU. 

Kesu-el  is  specified  to  meet  the  military  temperature  range 
and  its  vibration  and  acceleration  tolerances  are  adequate 
for  a  PegaSlar  vehicle  at  launch.  The  total  mass  of  Kestrel  is 
approximately  50  kg  and  the  power  consumption, 
excluding  cooling  but  assuming  that  all  of  the  DPU 
functions  are  included,  is  approximately  500  W. 

If  it  is  assumed  that  the  system  is  operational  for  ~  10 
minutes  per  orbit,  the  average  power  consumption  is  -  55 
W,  within  the  PegaStar  capability.  In  continuous  operation. 
Kestrel  requires  forced  air  cooling  for  continuous 


operation.  In  intermittent  operation  with  no  forced 
cooling,  it  IS  estimated  that  the  average  temperature  of  the 
equipment  will  rise  by  -  1"C  per  mmuie.  If  the  maximum 
continuous  operation  is  for  10  minutes,  the  temperature 
variations  will  not  exceed  10°C. 

If  this  variation  in  temperature  is  not  acceptable,  it  would 
be  necessary  to  improve  the  thermal  coupling  between  the 
heat-generating  elements  of  Kestrel  and  the  rest  of  the 
satellite.  Heat  pipes  might  be  considered  or  it  might  be 
reasonable  to  contain  the  Kestrel  ur.if.  ir.  a  sealed  and 
pressurised  container  and  to  use  forced  air  to  redistribute 
the  heat. 
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TACSAT  Ground  Control  and  Data 
Collection 

by 
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United  Kingdom 

Abstract 

This  paper  will  address  the  concept  of  a 
satellite  based  system  serving  the  needs  of 
tactical  users  for  direct  access  to 
communications  and  various  forms  of 
surveillance.  Such  a  system  must  take 
account  of  the  most  effective  methods  for 
deployment  and  maintenance  during  its 
intended  period  of  operation. 

In  terms  of  the  mission  need  the  Tactical 
Satellite  System  (TACSAT)  is  required  to 
provide  the  services  for  tactical  users  over 
a  relatively  small  region  of  maybe  some 
1000  -  2000  km  diameter.  Also  the 
concept  is  likely  to  involve  relatively  short 
periods  of  operation  of  about  3  to  6 
months  for  a  typical  operation  scenario. 
The  paper  therefore  addresses  a  system 
concept  in  which  the  emphasis  is  placed 
on  reducing  the  scale  of  the  logistics 
involved  in  the  deployment  of  TACSAT 
elements  and  simplifying  the  ground 
operations  and  facilities  necessary  for  the 
users  to  gain  access  to  the  services 
provided. 

The  paper  will  address  a  number  of  issues 
which  arise  such  as: 

The  need  for  ’launch  on  demand’ 

The  possibility  of  launches  being 
directly  under  the  control  of  the  area 
commander 

Operating  concepts  for  TACSATs, 
comparing  the  approach  of  launch- 
via-residual-mass  as  part  of  a  larger 
mission,  not  dedicated  to  the 
TACSAT  mission  with  the  approach 
of  dedicated,  launch-on-demand. 

Identification  of  information  flow 
requirements  for  TACSAT  integrity 
and  status  evaluation  and  for 
surveillance  data  recovery 


Determination  of  technical  and  cost 
drivers  influencing  the  form  and  cost 
of  ground  installation  and  logistic 
issues 

Integration  of  TACSAT  facilities  and 
services  with  other  communications 
and  surveillance  systems  available  to 
the  Tactical  Commander 

Investigation  of  techniques  to 
minimise  the  ground  control  and  data 
collection  overhead 


Introduction 

All  TACSAT  Systems  are  designed  to 
provide  a  Tactic^  Commander  with  shon 
term  operational  data  in  addition  to  that 
available  via  strategic  resources.  This 
paper  discusses  the  interfaces  between  the 
space  and  ground  segments  of  such 
systems.  Because  there  is  such  variety 
amongst  the  various  TACSAT  systems 
concepts,  it  is  only  possible  in  a  brief 
paper  such  as  this,  to  discuss  the 
ground/space  interface  in  general  terms. 
Nevertheless  offering  a  generalised 
structure  around  which  specific  concepts 
can  be  detailed  is  thought  to  be  useful, 
especially  where  the  concepts  are  unlike 
those  of  other  types  of  space  system  that 
designers  may  be  more  familiar  with.  The 
paper  therefore  focuses  on  TACSAT 
system  concepts  that  are  not  like  classical 
geosynchronous  or  sunsynchronous 
missions. 

Mission  Definitions 

For  tactical  operations  any  system 
employed  must  be  able  to  support  the 
mobility  reouirement  and  operate  from 
unprepared  and  unsurveyed  sites. 
Communications  in  difficult  terrain,  such 
as  mountainous  regions,  coupled  with  the 
need  to  co-ordinate  ground,  air  and  sea 
forces,  presents  a  complex  array  of  tactical 
communication  needs  and  information 
exchange  requirements  in  a  variety  of 
forms,  particularly  for  an  extensive 
tactical  tneatre  of  operation. 

Tactical  Imaging  missions  will  be 
targetted  on  small,  mobile  platforms  (eg 
aircraft  and  tanks)  as  well  as  other  key 
targets  (eg  bridges,  harbours).  Multiple 
sensors  will  be  most  helpful  in  penetratmg 
camoflage  of  these  targets.  For  Tactical 
Communications  Systems,  voice  and  data 


communications,  point  to  point,  point  to 
multipoint  and  netted  arrangements  may 
be  all  required.  The  End  Users  may  wish 
to  call  upon  any  or  all  of  these  services  at 
any  time.  In  the  tactical  situation  the 
unpredictability  of  the  operational 
environment  dictates  that 
communications  must  be  instantly 
available,  reliable  and  trustworthy  (in 
terms  of  a  low  probability  of  detection), 
have  a  high  probability  of  timely 
connection,  and  have  an  appropriate  level 
of  information  security. 

It  is  evident  that  the  introduction  of 
complex  procedures  for  terminal 
operation,  access  constraints  and  rules 
requiring  a  high  degree  of  user  skill  to 
understand  and  implement  will  detract 
from  the  usefulness  of  the  system  as 
perceived  by  the  tactical  user  community. 

TACSAT  systems  can  be  classified  as 
prc.iding  either  image  data  derived  from 
spaceborne  sensors  or  relay 
communications  channels  between  sites 
on  the  ground,  or  both.  Classically  these 
requirements  are  met  by  standardised 
systems  architecture  as  follows: 

Image  Data  -  High  resolution. 

Sun-synchronous, 
polar,  circular 

-  Geostationary 

Communications  -  Geostationary 

As  has  already  been  stated,  it  is  not 
particularly  useful  here  to  analyse  the 
ground/space  interface  within  such 
architectures,  beyond  stating  that 
TACSAT  applications  in  similar 
architectures  are  possible,  principally 
because  of  excess  capacity  becoming 
available  for  tactical  purposes  within 
strategic  systems.  For  example,  "spare" 
capacity  sometimes  becomes  available 
when  a  spacecraft  suffers  a  partial  failure 
and  can  no  longer  meet  the  full  strategic 
requirement.  When  it  is  replaced  by  a 
new  spacecraft  of  the  standard  design,  the 
degraded  spacecraft  can  then  be  operated 
as  a  TACSAT.  In  another  case,  a 
standardised  design  of  geosynchronous 
satellite  has  been  deployed  to  three  (or 
more)  stations  in  the  geosynchronous  arc 
to  provide  a  global  system  but  strategic 
communications  requirements  on  one  (or 
more)  of  the  stations  do  not  call  for  such  a 


large  spacecraft.  "Spare"  transponder(s) 
on  such  under-utilised  strategic  comsats 
can  then  be  operated  as  a  virtual 
TACSAT.  Finally,  it  is  sometimes  the 
case  that  "spare"  launcher  payload 
capacity  into  polar  orbit  becomes 
available  because  spacecraft  design 
constraints  were  too  conservative  for  the 
actual  launcher  performance  achieved  in 
a  parallel  development,  and  small 
TACSATs  can  be  launched  into  similar 
polar  orbits  with  this  spare  capacity.  In  all 
these  cases  the  ground/space  interface  is 
similar  to,  if  not  identical  to,  the  parent 
system.  In  some  further  cases,  very 
similar  mission  concepts  are  chosen  for 
purely  tactical  reasons.  However,  in 
general,  different  mission  concepts  tend 
to  be  favoured  because  of  the  tactical 
military  requirements  for  TACSAT 
systems,  for  example: 


Flexibility  under  unsophisticated, 
local  control 

Low  cost 

Minimum  revisit  times 
Localized  area  of  interest 
Surprise 
Secrecy 

but,  most  of  all. 

Ease  of  use. 

Other  papers  in  this  series  illustrate 
instances  of  this  tendency.  Here,  a  typical 
"novel  TACSAT"  mission  may  be 
summarised  as: 


Intermediate  orbit  inclination, 
optimised  for  target  area  coverage. 

Low  altitude,  for  maximum  resolution 
and/or  link  margins. 

Elliptical  orbit,  minimising 
geodynamic  drag. 

Highly  manoeuvrable  spacecraft  to 
maintain  orbit  aligiunent  with  respert 
to  the  target  area. 

Pre-programmed  payload  operation. 


Ground  Control 

During  the  full  novel  TAGS  AT  mission 
there  will  be  the  following,  distinctly 
different,  phases  of  operation. 

Launch  Preparation  Phase 

It  is  possible  that  there  will  be  a  choice  of 
Launch  Vehicle  configuration.  For  each, 
there  will  be  a  complex  trade-off  between 
orbit  parameters  (especially  orbit 
inclination),  payload  mass  (or 
functionality)  and  target  area  revisit 
periodicity.  TTiere  will  ^o  be  a  complex 
trade-off  for  the  phasing  of  any  particular 
orbit  between  spacecraft  constraints  (eg 
sun  angle  at  injection),  operational 
coverage  requirements  and  spacecraft  fuel 
consumption  during  orbital  manoeuvres. 
There  may  be  a  military  requirement  to 
deceive  a  sophisticated  enemy,  able  to 
identify  and  track  novel  TACSAT 
launches,  as  to  the  nature  of  the  intended 
tactical  support,  especially  phasing  over 
the  target  area.  Finally,  there  may  be  a 
requirement  to  defend  the  TACSAT 
system  against  jamming. 

The  trade-offs  must  be  resolved  and  the 
launcher/spacecraft  configuration 
finalised  (including  programming  of 
on-board  computers)  early  m  the  Tactical 
Deployment  when  the  Tactical  Staff  will 
have  many  other  pressures  to  finalise 
deployment  plans  and  logistic  support. 
However,  since  it  cannot  be  assumed  that 
these  staff  will  be  familiar  with  spacecraft 
operational  constraints  and  speedy 
decision  making  may  be  of  the  essence, 
previous  in-depth  training  in  system 
operation  will  be  a  pre-requisite  of 
successful  TACSAT  operations. 

Launch  and  Early  Operations  (LEOPS) 
Phase 

Launch  services  would  be  provided  by  a 
specialist  supplier  requiring  minimum 
interaction  with  the  Tactical  Users.  The 
boosted  ascent  and  spacecraft  separation 
will  be  pre-programmed.  However, 
determination  of  the  initial  orbit  by 
ranging  during  first  apogee  will  be 
necessary  from  appropriately  located  and 
equipped  ground  stations.  Note  that  the 
spacecraft  ranging  transponders  may  well 
need  to  be  protected  by  encrypters  from 
ranging,  and/or  from  jamming,  by  enemy 
ground  stations;  hence  digital  ranging. 


military  staff  and  cypher  distribution 
channels  will  be  preferred  For  accurate 
early  orbit  determination,  these  ranging 
stations  would  be  on  a  long  ( >  10(X)  km) 
baseline  and  must  pass  ranging  data  sets 
by  communications  links  to  a  Central 
Control  facility  equipped  to  compute  the 
initial  orbit.  It  will  be  convenient  to 
arrange  for  this  Centre  to  also  compute 
necessary  manoeuvres,  predict  the 
subsequent  orbit  evolution  and,  most 
probably,  execute  the  manoeuvre 
sequence  in  a  manner  consistent  with  any 
requirements  for  payload  deployment/ 
activation/calibration.  To  effect  the 
manoeuvre/activation  sequence.  Tracking, 
Telemetry  and  Command  (IT  and  C) 
access  would  have  to  be  provided  via 
several,  well-distributed  Ground  Stations 
if  this  phase  is  to  be  completed  with 
minimum  delay.  In  short,  this  entire 
phase  could  be  under  the  control  of  the 
launch  site,  provided  with  support  from  a 
network  of  appropriately  equipped 
Ground  Stations. 

However,  in  view  of  the  military 
sensitivity  of  TACSAT  missions,  it  is 
more  likely  that  all  Ranging,  Telemetry, 
Manoeuvre  Computation  and 
Telecommand  functions  would  be 
exercised  by  a  suitably  equipped  and 
military-staffed  Facility.  For  reasons  of 
compatibility  with  Launch  Site  and 
back-up  orbital  support,  TT  and  C 
functions  could  be  conducted  at  S-Band 
using  the  Space  Ground  Link  System 
(SGLS)  standard,  but  with  encryption 
enabled  shonly  after  successful  injeaion 
into  initial  orbit.  Ranging,  Telemetry  and 
Telecommand  functions  could  be 
exercised  by  a  19  m  S-Band  Telemetry  & 
Command  Station  (TCS),  supplemented 
by  relatively  small  (3  m)  S-Band  terminals 
co-located  with  selected  permanent 
Ground  Stations.  Alternatively,  the  entire 
TT  and  C  support  could  be  exercised 
within  the  X-Band  channel  allocations  for 
Milsatcom  and  Earth  Resource  Downlink 
channels.  In  either  case,  TT  and  C 
baseband  coimectivity  during  the  periods 
of  TACSAT  visibility  must  be  provided, 
for  example  via  orderwire  channels 
within  permanent  communications 
accesses. 


TACSAT  Operations  Phase 

The  TACSAT  system  is  seen  in  this  paper 
as  supplementing  strategic  C^I  resources, 
particularly  where  communications 
requirements  peak  or  imaging  data  are 
needed  at  short  notice.  The  opportunities 
to  use  TACSATS  to  best  effect  can 
therefore  only  be  recognised  locally  and 
should  put  into  effect  by  a  local  Control 
Centre. 

The  Control  Centre  must  be  able  to  assess 
the  effects  of  orbital  manoeuvres,  execute 
manoeuvres  promptly  and  quickly  confirm 
the  achieved  new  orbit.  As  has  already 
been  said,  speedy  and  accurate  orbit 
determination  can  only  be  achieved  with 
long,  ie  out-of-Theatre,  baselines. 
Certainly  for  imaging  missions,  perigee 
will  be  over  the  tactical  theatre;  for 
communications  missions  this  may  also  be 
true. 

The  out-of-Theatre  character  of  the 
control  function  for  some  missions  is 
reinforced  by  the  need  to  manoeuvre  near 
apogee,  where  manoeuvre  fuel  usage  is 
minimised  and  visibility  to  ground  stations 
is  maximised.  The  Control  Centre  may 
also  have  to  call  on  spacecraft  equipment 
designers  and  test  configurations  to 
resolve  spacecraft  performance 
anomalies.  All  of  this  tends  to  suggest 
that  the  responsibility  for  TACSAT 
Control  could  be  assigned  to  a  Military 
Spacecraft  Control  Centre  supported  by  a 
global  tracking  network  but  with  an 
excellent  co-ordination  interface  to 
in-Theatre  tactical  operations  staff.  This 
latter  requirement  could  be  met  by 
assignment  of  several  specialists  (with 
recent  spacecraft  operations  experience) 
to  provide  a  24-nour  service  at  the 
Tactical  HQ.  The  Control  Centre  used 
during  the  earlier  Phases  could  be  used  to 
execute  spacecraft  control.  However,  a 
knowledge-based  system  located 
in-Theatre  is  likely  to  provide  faster 
response  and  more  consistent  operations. 

This  could  be  automated  to  minimise  the 
number  of  operations  staff  and  provide 
consistency  during  24-hour  operations.  It 
would  consist  of  the  following  elements: 


Automated 

Operations 

Planning 


Computer  Assisted 
Operations 


Adaptive  Training 


Library  of  Flight 
Control  Plans, 
including  Anomaly 
Contingency  Plans. 

Executes  actual 
control  via  Tracking 
Stations. 

Creates  and 
evaluates  training 
sessions. 


Network  Control  is  also  required  in  the 
case  of  a  TACSAT  communications 
mission.  It  can  be  assumed  that  the 
communications  transponder  will  be 
accessed  only  by  in-Theatre  force 
elements,  using  locally-assigned  cyphers. 
In  order  to  provide  communications 
services  compatible  with  the  needs  of 
tactical  End  users,  the  way  in  which  the 
network  is  managed  and  user  access  is 
granted  and  controlled  must  involve  a 
minimum  of  "overhead”  workload 
imposed  on  the  End  User.  This  can  range 
from  avoiding  the  need  to  point  the 
antenna  on  his  terminal  precisely,  to  the 
simplicity  of  operation  ot  the  equipment, 
to  a  means  of  establishing  user  confidence 
in  the  integrity  of  the  system,  and  to  its 
ability  to  provide  the  services  required. 
Optimum  use  of  the  TACSAT  capacity 
will  be  most  easily  achieved  by  a  mixture 
of  frequency  assignment  and  timeline 
planning  issued  by  in-Theatre  signals 
staff.  Som“  types  of  TACSAT 
store-and-forward  communications 
mission  will  require  quite  complex 
space/ground  protocols  which  must  be 
transparent  to  the  End  User.  Some 
classes  of  TACSAT  will  provide  imager 
or  transponder  configuration  options  that 
are  selectable  by  ground  command.  The 
in-Theatre  specialist  TACSAT  operations 
staff  will  be  best  equipped  to  make  the 
appropriate  option  selections,  which  could 
be  implemented  either  by  a  local 
telecommand  uplink  or  by  a  centralised 
Control  Centre.  In  the  case  of  in-Theatre 
jamming  attacks,  the  former  is  likely  to 
provide  a  far  more  successful  ECCM 
response  than  the  latter,  provided  it  can 
counter  any  enemy  jamming  of  the 
telecommand  uplink. 


Automated  Mission  Builds  timeline 
Planning  options 


The  final  stage  of  the  TACSAT  support 
will  be  disposal  of  the  spacecraft,  either 
into  a  higher  parking  orbit  or  a  burn-up 
during  re-entry.  Once  the  in-Theatre 
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authorities  have  confirmed  that  TACSAT 
support  is  no  longer  required,  they  need 
have  no  further  involvement  m  the 
manoeuvre  seuuence.  At  this  stage 
execution  ana  monitoring  of  the 
TACSAT  disposal  could  be  turned  over 
to  a  central  Control  Centre. 

Data  Collection 

Modem  spaceborne  imagers  produce  very 
wide  bandwidth  data  rates  which  quickly 
saturate  available  spaceborne  storage 
devices.  Hence  direct-to-Theatre 
downlinking  is  very  attractive  for  small 
TACSAT  missions  where  data  timeliness 
is  of  the  essence.  These  downlinks  must, 
for  obvious  reasons,  be  encrypted. 
Because  of  the  very  high  burst  rates, 
spread  spectrum  downlink  jamming 
protection  is  not  practicable;  the  only 
feasible  protection  methods  are  Downlink 
User  Terminal  (DUT)  location  and 
minimisation  of  DUT  anterma  sidelobes. 
Some  on-board  storage  buffers  would 
allow  greater  flexibility  in  the  deployment, 
and  reduce  the  numbers,  of  in- Theatre 
DUTs.  These  DUTs  must  be  connected 
by  telecommunications  links  of  various 
kinds  to  End  Users.  On-board 
preprocessing  can  be  used  to  reduce  the 
downlink  bandwidth  and  reduce  the 
complexity  of  the  in-Theatre  image 
processing  functions.  However,  some 
on-ground  processing,  including  fusion 
with  other  data  sets,  will  be  an  essential 
element  of  the  image  assessment  chain. 

In  the  reverse  direction,  the  flow  of 
information  from  the  End  Users  for  target 
selection  must  converge  on  at  least  one 
Telecommand  Uplink  facility.  Instrument 
settling  times  dictate  that,  for  efficient  use 
during  each  perigee,  these  telecommands 
must  be  uphnked  out-of-Theatre  during 
apogee. 

Simulation 

From  the  above  discussion  it  is  clear  that 
deployment  of  a  TACSAT  system  is  a 
complex  undertaking  requiring 
well-trained  operators  and  well-briefed 
operations  staff.  Although  the  classic 
military  process  of  reducing  complexity 
down  to  the  minimum  number  of 
Standard  Operating  Procedures  (SOPs) 
will  no  doubt  be  applied,  this  must  be 
complemented  by  realistic  training  for  all 
specialist  staff  and  the  provision  of 


adequate  operations  and  planning  tools. 
Both  must  depend  on  comprehensive 
mission  simulations  for  the  Launch 
Preparation  and  TACSAT  Operations 
Phases. 


Conclusion 

Clasically,  Tactical  Commanders  have 
succeeded  where  they  have  made  best  use 
of  the  time  available  before  tactical 
deployment  and  thoroughly  prepared  to 
undertake  the  type  of  operation  to  which 
they  were  actually  assigned.  The  great 
advantage  of  TACSATS  is  that  they  are 
very  flexible  so  it  is  not  necessary  to  detail 
in  advance  the  type  of  Tactical  support 
required  beyond  a  broad  characterisation. 
However  considerable  expertise  is 
required  to  operate  anv  Satellite  system 
and  any  TACSAT  Mission  is  likely  to  fail 
unless  an  adequate  control  system  is 
created  and  worked  up  to  a  high  state  of 
readiness  before  the  Tactical  situation 
develops.  An  automated  knowledge- 
based  system,  including  appropriate 
simulation,  will  be  essentid  to  the  success 
of  TACSAT  support,  which  in  turn  is 
likely  to  be  decisive  on  future  tactical 
battlefields. 
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FROM  A  FEW  LARGE  SOPHISTICATED 
SATELLITES  ... 


Before  describing  the  way,  a  low  earth  orbit 
muilimission  Bus  for  tactical  application  is 
designed,  it  is  convenient  to  analyse  in  some 
details  what  is  a  tactical  satellite  as  far  as  such 
satellites  arc  very  often  associated  with  the 
notion  of  cheap  small  satellites. 

For  .’U  years  the  size,  the  mass,  the  complexity, 
and  the  cost  of  the  satellites  have  been 
increasing.  Space  programmes,  especially  in  the 
defence  area,  tend  to  use  heavy  and  costly 
satellites  in  a  too  small  number  of  specimens 
compared  with  the  needs  of  users,  they  have 
then  to  continuously  monitor  priority  conllicls 
such  as  :  budgetary  conflicts  to  decide  which 
programme  has  priority,  operational  use 
conflicts  when  programming  the  missions  of  so 
few  spacecrafts. 

In  the  today  context  of  budgetary  constraint.s, 
raising  again  is  the  well  known  syndrome  "one 
aircraft,  one  tank,  one  satellite  as  unique  future 
equipment  for  defence ". 

The  spacecrafts  number  limitation  is  the 
consequence  of  an  inflationist  spiral  which  can 
be  described  in  three  stages  : 

a  -  unit  cost  increases 


b  -  then  for  a  given  budget,  number  of 
operational  units  decreases 

e  -  a  limited  number  of  spacecrafts  leads  to 
pusch  for  mission  optimisation  with  ; 

-  an  increase  t)f  in  orbit  life  time  and  reliability 
requirements 

-  the  need  to  group  several  missions  on  the 
same  spacecraft 

-  technical  sophistication 

•  conservative  a[)proach  including  meticulous 
development  and  complex  verifications 

-  no  risk  approach,  as  the  unit  cost  of  each 
satellite  is  such  a  high  stake 

.All  these  points  lead  to  unit  cost  increase  and 
bring  hack  to  sttige  a  in  the  inflationist  spiral. 


...TO  CONSTELLATION.S  OF  NUMEROUS 
CHEAP  LIGHTSATS 


To  break  this  spiral,  some  experts  suggest  a 
"Smart  small  cheap  lightsats"  concept.  Their 
main  idea  is  to  drastically  decrease  the  unit  cost 
of  the  spacecraft  in  orbit,  this  cost  including  the 
satellite  recurring  cost  itself,  the  launch  cost  and 
the  ground  segment  and  operations  costs. 

This  concept  is  consistent  with  a  .system 
architecture  using  constellations  of  numerous 
satellites  of  limited  in  orbit  life  time  and  low 


fL'Iiability  pcrl'ormances,  both  of  these 
chaructcrLsiics  should,  in  theory,  reduce  strongly 
the  recurring  costs  of  the  spacecrafts. 

Such  a  concept  is  reinforced  by  advances  in 
technology  in  the  fields  of  performances  and 
miniaturisation  :  these  advances  arc  made 
possible  by  the  research  and  development 
programmes  led  by  DARPA  and  SDIO, these 
programmes  are  also  based  on  high 
technologies  developped  out  of  the  spatial  area. 
For  example  : 

-  digital  computers 

-  mass  memory 

-  ASIC  with  a\'ailability  of  dedicated  algorithmcs 
for  digital  processing 

-  silicium  and  Ga  As  microelectronics  facilities 
where  heavy  investments  for  civilian  or  military 
airborne  applications  give  new  o;jportunities  for 
space  applications  such  as  :  optical  detectors, 
radiofrequeney  MIMIC  which  are  usuful  to 
design  phase  array  antennas  for  communication 
satellites  or  synthetic  aperture  radar 
instruments. 

-  etc  ... 

The  potential  advantages  of  such  a  "Smart  small 
cheap  lightsats”  concept  arc  very  attractive  for 
the  users,  this  is  particulary  true  for  tactical 
applications  in  low  earth  orbit : 

-  repetitivity  of  the  passes 

-  flexibility  in  the  choice  of  the  orbit  pa-  ameters 

-  share  of  risks  of  failure  of  each  spacecraft  and 
lower  vulnerability  of  the  overall  system 

-  flexibility  in  the  way  to  use  the  .system.  In  orbit 
means  are  fitted  with  the  level  of  crisis  with  a 
continuum  from  str'-tegic  use  to  tactical  use 

-  dedicated  satellite  for  a  given  mission 

-  satellite  programing  and  use  decentralized  to 
on  the  field  theater  users 

-  etc...  (list  not  exhaustive) 

At  this  point  wc  will  not  discu.ss  if  such  a 


concept  is  technically  relevant  in  fulfiling  the 
requirements  of  a  given  set  of  missions. 

However,  with  the  payload  beeing  shared 
between  a  large  number  of  small  satellites,  we 
can  assume  that  the  total  in  o'-bit  mass  of  these 
satellites  to  fulfil  a  mission  would  be  obviously 
larger  than  the  total  mass  when  the  classical 
approach  using  heavy  satellites  is  followed  : 
grouping  different  payloads  or  a  single  satellite 
always  saves  mass. 

As  a  consequence,  a  "Smart  small  cheap 
lightsats"  approach  using  satellites  with  an  in 
orbit  life  time  5  to  10  limes  shorter  than  in  a 
classical  approach  leads  to  place  in  orbit  a  total 
mass  more  than  ten  times  heavier  than  the  total 
mass  necessary  to  fulfil  the  same  mission  on  a 
big  salcllile. 

For  a  mission  on  a  given  period  of  time  Fig.  1 
shows  the  evolution  of  the  launch  cost  and 
satellites  costs  with  respect  to  the  largelted  in 
orbit  life  lime  for  each  satellite  of  the 
constellation. 

For  a  constant  launch  unit  cost,  the  total  launch 
co.st  (curve  1)  is  the  inverse  ratio  of  the  in  orbit 
life  iMiie. 

The  satellites  total  cost  (curve  2)  is  consistent 
with  the  "Smart  small  cheap  lightsats" 
approach  :  when  the  in  orbit  life  time  decreases, 
you  save  more  money  from  the  satellites  unit 
cost  decrease  than  you  loose  from  the  increase 
in  the  number  of  required  satellites,  the  net 
result  is  that  the  total  cost  decreases,  (this 
conclusion  is  less  valid  for  a  very  long  in  orbit 
life  time  and  is  no  more  valid  for  a  very  short 
one). 

With  a  launch  unit  cost  of  the  same  order  of 
magnitude  than  each  satellite  unit  cost  (curves 
in  continuous  line)  the  overall  cost  (curve  3) 
decreases  when  life  in  orbit  increases.  At 
evidence  the  optimum  is  to  improve  the 
reliability  and  the  in  orbit  life  time;  it  is  the 
present  trend. 

A  "Smart  small  cheap  lightsats"  approach  would 


only  become  pertinent  if  very  cheap  launch  costs 
are  proposed  (curves  in  dotted  line). 

A  coherent  way  to  decrease  the  launch  costs  is 
to  aim  for  a  "Smart  small  cheap  lightlaunchcr" 
concept  cutting  down  the  launch  cost  fo.  i  Kg  in 
orbit  by  at  least  ten  times. 

Unfortunately  the  cost  per  Kg  in  orbit  lor 
present  or  near  term  heavy  launchers  is  very  far 
from  this  goal,  for  small  launchers  of  the 
PEGASUS  class  with  a  cost  per  Kg  2  to  3  times 
greater  than  the  one  of  the  ARIAiiE  "V/TITAN 
class  heavy  launchers  it  becomes  more  and 
more  difficult  to  achieve. 


CONSEQUENCES  FOR  THE  BUS  DESIGN  j 

Due  to  the  reduced  number  of  satellites  for  a 
given  application,  the  reduction  of  the 
spacecraft  recurrent  unit  cost  is  no  more  the  key 
element  to  reduce  the  overall  cost.The  cost 
reduction  has  to  be  mo*-e  focussed  on  its  non 
rcccuring  part  than  on  the  recurring  one. 

As  a  consequence,  mass  production  savings  will 
not  be  gained  from  only  one  mission,  but  will 
have  to  be  gained  from  a  multimi.ssion 
approach. 


A  WISER  APPROACH 


With  the  lack  of  emergence  of  very  cheap 
launchers,  constellations  of  numerous  cheap 
lightsats  with  short  in  orbit  life  lime  are  neither 
for  the  short  term  nor  for  the  medium  term. 


Assuming  that  the  small  .satellites  potential 
applications  are  not  aimed  at  replacing  the 
present  heavy  and  complex  satellites  systems, 
the  overall  performances  required  from  the 
spacecrall  BUS  would  be  moderate.  This  is  verv 
convenient  with  a  modular  muliimission  BUS 
concept  based  on  : 


To  open  the  way  to  new  missions  -especially  in 
the  tactical  area  -  the  only  driving  force  of 
interest  is,  for  a  given  mission,  a  moderate 
overall  cost,  consistent  with  the  performances 
offered  for  a  set  of  sufficiently  high  prioritv 
objectives. 

In  other  words,  llic  today  raisine  of 
tcchi  ological  breakthrough  in  performance  and 
minialurisatittn  will  be  used  in  two  wavs  to  : 


1  -  enhance  again  the  jiresent  performances  of 
large  satellites  which  will  remain  heavy  and 
sophisticated.  This  is  typically  the  case  in  tlie 
ret  )nnaissance  field  where  u.scrs  put 
continously  more  :  tringent  requirements. 


2  -  open  the  door  to  new  missions,  able  to  satisfy 
economically  new  needs  through  the  use  of 
spatial  means.  New  missions  types  will  be 
offered  while  reducing  the  mass,  the  size  and 
the  overall  eo.st  of  satellite  in  orbit.  This  appears 
especially  pertinent  for  tactical  mi.ssions. 


-  standard  payioad  interlaces 

•  oversized  ressourccs  lor  each  module  (for  case 
the  sake  ol  a  good  standardization) 

-  lle.xible  accomodation  of  the  different  module' 
on  tlie  BUS  allowing  on  request  modules 
addition 

Fig.  2  shows  the  modular  muliimission  BUS 
concept  designed  jointly  by  .MATRA 
M.ARCUNl  SPACE  and  its  north  american 
partner  FAIRCHILD. 

In  order  to  reach  some  non  recurrent  cost  mass 
production  savings  through  several  applications  . 
it  is  possible  to  add  to  this  modular  approach  a 
new  development  plan  concept  based  on 
concurrent  engineering. 

Fig  3  shows  the  logic  of  SYSTEMA 
SYSTEMA  is  a  concurrent  engineering  satellite 
design  tool  devcloi  ped  by  MATRA  MARCONI 
SPACE.  At  the  center  a  common  data  base 
contains  the  current  configuiation  of  the 
satellite  bccing  designed.  At  the  periphery 


specific  tools  for  each  main  areas  of  engineering 
design  are  shown.  They  can  be  concurrently  call 
on  demand  by  the  different  experts  working  in 
parallel  for  trade  off  or  validation  on  different 
fields  :  electrical,  thermal,  mechanical  ,  orbit 
environment,  attitude  and  orbit  control, 
dynamic  ,  propulsion,  payload  accomodation, 
mission,  satellite  programmation,  etc  ... 

Presently,  SYSTEMA  is  used  primarily  in  the 
first  part  of  the  development  process  (fig  4), 
from  phase  A  proposals,  mission  and  satellite 
layout  trade-offs  to  the  end  of  phase  B  with 
detailed  satellite  design  optimisation  and  up  to 
proposals  for  a  phase  C  activity. 

If  additional  risks  caused  by  eventual  flaws  or 
bugs  in  numerical  simulations  are  accepted  - 
these  risks  are  assumed  to  be  affordable  for 
small  tactical  satellites  with  not  very 
sophisticated  missions  -,  phase  C  validation  by 
means  of  such  concurrent  engineering  only  tools 
would  save  not  only  the  major  portion  of  the 
environmental  tests  costs  (thermal,  vacuum,  sun. 
vibrations)  but  also  would  reduce  the  schedule 
induced  costs. 

Such  an  approach  has  demonstrated  its 
efficiency  through  the  SSOT  programme  (fig  5). 
S80T  is  a  microsatcllite  launched  this  summer 
as  a  companion  of  TOPEX  -  POSEIDON 
SPACECRAFT  on  ARIANE.  SSOT  has 
benefited  from  an  intensive  use  of  SYSTENtA 
from  the  first  stage  of  design  to  the  delivery  at 


the  launch  site.  A  programme  conducted  in  a 
very  short  time  for  a  very  competitive  cost. 


CONCLUSION 


The  approch  presented  above  is  far  from  a 
revolution.  It  is  only  an  evolution. 

To  be  efficient  such  concurrent  engineering 
tools  need  to  be  validated  and  calibrated  by 
reference  to  the  data  gathered  during  previous 
development  tests  or  during  in  orbit  monitoring 
of  operational  spacecrafts.  In  that  sense  such  an 
approach  capitalises  the  whole  experience 
acquired  by  .MATRA  .MARCONI  SPACE 
through  previous  or  current  low  earth  orbit 
programmes  :  SPOT  1.2.3  -  ERS  1  and  2. 
HELIOS  -  SPOT  4  and  Polar  Platform. 

The  SYSTEMA  use  built-in  llexibility  gives  the 
opportunity  to  quickly  update  a  current  design 
and  thus  allows  to  follow  evolutions  of 
technologies  or  accomodate  a  newly  available 
equipment. 

SYSTEMA  allows  a  short  reaction  time  and  a 
quick  accomodation  on  the  satellite  as  soon  as 
emerging  requirements  arc  formulated  by  the 
users. 


< lUusiranons  tor  this  Section  appear  immediately 
after  the  French  translation,  i 


DES  GROS  SATELLITES  EN  NOMBRE 
LIMITE... 


Avant  d’aborder  la  fa^on  de  concevoir  une 
plate-forme  multimission  pour  des 
applications  tactiques  en  orbite  basse,  il  est 
utile  d’analyser  de  plus  pres  la  notion  de 
satellites  tactiques  qui  est  souvent  associee 
aujourd’hui  a  I’idde  de  petits  satellites  pas 
chers. 

Depuis  30  ans  on  constate  que  la  laille,  la 
masse,  la  complexite  et  done  le  cout  des 
satellites  croissent.  Les  programmes  spatiaux 
et  plus  particulierement  dans  le  domainc  de  la 
defense  tendent  a  utiliser  des  satellites  lourds 
et  couteux  en  nombre  juge  ndeessairement 
trop  limite  par  des  utilisateurs  qui  doivent 
gerer  en  permanence  des  conflits  de  prioritc  : 
conflits  budgdtaires  pour  decider  quel 
programme  mener  en  prioritd  mais  aussi 
conflits  de  priority  en  utilisation 
opdrationnelle  pour  programmer  I’emploi  des 
moyens. 

Dans  le  contexte  actuel  des  compre  sions 
budgetaires  on  voit  ainsi  renaitre  le  syndrome 
bien  connu  1  AVION  1  CHAR  1 
SATELLITE  conime  seule  dotation  a  terme 
pour  la  defense. 

Cette  limitation  du  nombre  de  satellites  est  la 
consequence  d’une  spirale  inflationniste  que 
Ton  peut  ddcrire  en  trois  dtapes : 


.  regroupement  de  plusieurs  missions  sur  une 
scu!  satellite 

.  complexification  technique 

.  meihodes  de  developpement  conscrsatrices  a 
base  de  verifications  complexes  et  minutieuscs 

.  refus  de  prendre  des  risques  devant  I’enjeu 
que  represente  le  cout  unitaire  de  chaque 
satellite 

ce  qui  entraine  I'augmentation  du  cout 
unitaire  et  nous  ramene  au  point  "a  etc 


...  AUX  CONSTELLATIONS  DE  PETITS 
SATELLITES  BON  MARCHE 


Pour  sortir  de  cette  spirale  certains  proposent 
une  approche  "Smart  sn,  ■  cheap  lightstals" 
dont  la  caraetdristique  cssentielle  est  de 
diminuer  drastiquement  le  cout  unitaire  du 
satellite  en  orbite,  cc  cout  comprenant  le  cout 
recurrent  du  satellite,  le  cout  du  lancement,  le 
cout  du  mainticn  a  poslc  par  !c  centre  de 
contrdlc. 


Cette  approche  est  cohdrente  avec  une 
architecture  sysleme  basee  sur  des 
constellations  de  nombreux  satellites  dont  la 
durde  de  vie  en  orbite  est  limitde  et  dont  la 
fiabilitd  peut  etre  plus  faible  (droit  k  la 
panne),  ce  qui  en  thdorie  permet  de  rdduire 
fortement  les  couts  rdcurrents  des  satellites. 


a  -  augmentation  du  cout  unitaire 

b  -  a  budget  constant  diminution  du  nombre 
d’exemplaires  opdrationnels 

c  -  a  faible  nombre  d’exemplaires  optimisation 
de  la  mission  ; 

.  recherche  d’une  grande  durde  de  vie  et  d’une 
haute  fiabilitd 


Une  telle  approche  se  trouve  confortde  par  les 
avanedes  technologiques  en  performances  et 
miniaturisation  qui  alimentent  aujourd’hui  le 
spatial  au  travers  des  programmes  de 
Recherche  et  Ddveloppement  mends  par  la 
DARPA  ou  la  SDIO,  mais  dgalement  par 
synergie  avec  la  haute  technologic  ddveloppde 
pour  des  applications  autres  que  spatiales. 

Citons : 

-  le  domainc  du  calcul  digital 
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-  les  m^moires  de  masse 

-  les  ASIC  de  traitements  numeriques  avcc  la 
disponibilitd  d’algorithmes  spdcialisds 

-  le  domaine  des  fonderies  silicium  ou  As  Ga 
ou  des  investissements  trds  Icirds  rentabilises 
par  des  applications  civiles  ou  par  i’avionique 
militaire  offrent  au  domaine  spatial  soil  dcs 
ddtecteurs  optiques  soic  les  MIMIC 
ndcessaires  pour  les  antennes  rdseaux  des 
satellites  de  communication  et  les  radars  a 
ouverture  synth6tique 

-  etc.. 

Les  avantages  potentiels  de  cette  approche 
"Smart  small  cheap  lightsats^sont  alldchants 
pour  I’utilisateur,  particulierement  dans  le 
domaine  tactique  sur  des  orbites  basses  a 
defilement : 

-  repetitivite  des  passages 

-  souplesse  de  choix  des  parametres  dcs 
orbites 

-  repartition  des  risques  unitaires  de  perte  de 
chaque  satellite  et  done  moindre  vulnerabilitd 

-  souplesse  d’emploi :  on  ajuste  scs  moyens  en 
orbite  I’dtat  de  crise,  ce  qui  permet  un 
passage  continu  de  I’emploi  stratdgique  h 
I'emploi  tactique 

-  specialisation  des  satellites  par  mission 

-  decentralisation  de  la  programmation  et  de 
I’utilisation  du  satellite  sur  le  terrain 

-  etc...  cette  liste  n’dtant  pas  exhaustive. 

Sans  discuter  ici  la  pertinence  technique  de 
cette  approche  pour  satisfaire  les 
performances  des  diverses  missions,  on  peut 
prddire  que  le  fait  de  rdpartir  la  charge  utile 
sur  un  grand  nombre  de  satellites  fera  que  la 
masse  totale  en  orbite  des  satellites 
opdrationnels  h  un  moment  donnd  sera 
certainement  supdrieure  k  celle  de  I’approchc 
classique  par  gros  satellite.  On  a  toujours  une 
prime  en  masse  pour  le  regroupement  des 
charges  utiles. 

Avec  des  durdes  de  vie  de  5  ik  10  fois  plus 
courtes  il  faudra  done  s’attcndre  avec  une 
approche  de  type  "Smart  small  cheap  lightsats" 


Ik  lancer  une  masse  globale  plus  dc  10  fois 
supdrieure  pour  remplir  une  mission  sur  une 
durde  ddtermmde 

Pour  une  mission  de  durde  donnde,  on  a 
reprdsentd  {  figure  I  -eourbe  1 )  I’dvolution  en 
fonction  de  la  durde  de  vie  de  chaque  satellite 
du  cout  de  rensemble  des  lancements.  La 
eourbe  2  presente  dgalement  I’dvolution  du 
cout  de  I’enscmble  des  satellites  (couts 
rdcurrents). 

A  cout  unitaire  constant,  le  cout  total  des 
lancements  (eourbe  1)  cst  inversement 
proportionnel  a  la  durde  dc  vie. 

L’dvolution  du  cout  total  des  satellites  (eourbe 
2)  reflete  i’effet  escomptd  de  I’approchc 
"Smart  small  cheap  lightsats"  :  quand  la  durde 
de  vie  diminue,  Ic  gain  dc  cout  unitaire 
compense  largement  I'augmentation  du 
nombre  dc  satellites  necessaires  et  le  cout 
global  decroil  (cct  effet  n’dlani  plus  vrai  pour 
des  durdes  de  vie  tres  tres  courtc  et 
s’altdnuant  pour  dcs  durdes  de  vie  longues). 

Pour  des  couts  de  lancement  de  I’ordrc  de 
grandeur  des  couts  satellites  (courbes  en  traits 
plems)  le  cout  total  (eourbe  3)  ddcroit  au  fur 
et  h  mesure  que  la  durde  de  vie  s’allonge. 
L’optimum  est  h  I’dvidence  d’amdlio'cr  la 
fiabilitd  et  la  durde  de  vie  :  c’esl  la  tendance 
actuelle. 

Pour  que  I’approche  "Smart  small  cheap 
lightsats"  devienne  efficace,  il  faudrait  que  les 
couts  unitaires  de  lancement  deviennent 
beaucoup  plus  faibles  (courbes  en  pointilld). 

Pour  rdduire  de  fa^on  cohdrente  les  couts  de 
lancement  il  faudrait  done  une  approche 
"Smart  small  cheap  lightlaunchers"  reduisant 
au  moins  par  10  le  cout  du  kilogramme  lancd. 

Malheureusement  les  couts  du  kilogramme  en 
orbite  pour  les  lanceurs  actuels  ou  en  projet 
sont  trds  loin  de  cet  objectif  et  on  s’en  dloignc 
d’autant  plus  que  Ton  cherchc  ^  utiliser  dcs 
petits  lanceurs  de  la  classe  PEGASUS  qui 


8-7 


affichent  us  cout  au  kilo  de  2  4  3  fois 
superieur  ^  cetui  des  tres  gros  lanceurs  dc  la 
ciasse  ARIANE  V  ou  TITAN. 


UNE  APPROCHE  PLUS  RAISONNABLE 


Faute  de  voir  emerger  des  lanceurs  a  trfes  bas 
cout,  les  constellations  de  nombreux  petits 
satellites  pas  chers  k  faible  durde  dc  vie  ne 
sont  ni  pour  le  court  ni  pour  le  moyen  terme. 

Le  seul  critere  reellement  dimentionnant  pour 
voir  dmerger  de  nouvelles  missions  et 
particulidrement  dans  le  domaine  tactique 
sera  plus  certainement  d’avoir  un  cout  global 
de  possession  raisonnable  pour  des 
performances  jugees  suffisamment  prioritaircs 

Dit  encore  autrement,  les  avancdcs 
technologiques  en  performance  et 
miniaturisation  que  Ton  voit  poindre 
aujourd’hui  poussent  dans  deux  voies : 

-  Amdliorer  encore  les  performances  actuelles 
des  gros  satellites  qui  resteront  lourds  et 
complexes.  Cest  typiquement  le  domaine  oil 
les  besoins  exprimes  par  les  utilisateurs  vont 
toujours  croissant.  Par  exemmle  la 
reconnaissance. 

-  Ouvrir  la  voie  vers  de  nouvelles  missions 
pour  satisfaire  dconomiquement  de  nouveaux 
besoins  au  moyen  de  systdmes  spatiaux,  en 
offrant  des  performances  nouvelles  et  en 
reduisant  la  masse,  la  taille  et  done  le  cout  de 
possession  en  orbite  d’un  satellite.  Ceci  est 
particulierement  pertinent  pour  des 
applications  tactiques. 


CONSEQUENCES  SUR  LA  CONCEPTION 
DES  PLATES-FORMES 


Compte  tenu  du  nombre  necessaiement  rdduit 
de  satellites  pour  une  application,  la  reduction 
du  cout  unitaire  recurrent  n’est  plus  I’dldment 
clef  pour  rdduire  le  cout  global.  L’effort  de 


reduction  des  couts  doit  porter  plus  sur  le  non 
recurrent  que  sur  le  recurrent. 

En  corollaire,  I’effet  de  s6rie  n’fitant  plus 
sufflsant  sur  une  seule  mission,  les  rdduclions 
de  cout  lides  aux  effets  d’fichelle  doivent 
s’obtenir  en  jouant  sur  I’aspect  multimission. 

Au  plan  des  performances,  dans  la  mesurc  oil 
les  applications  envisagdes  sur  petits  satellites 
n’auronl  pas  la  pretention  de  remplacer  les 
systdmes  actuels  utilisant  des  satellites  lourds 
et  complexes,  I’enveloppe  des  performances 
demandees  a  la  plate-forme  doit  etre  plus 
moderce.  Ceci  rend  particulidrement 
pertinente  une  approchc  modulaire  mettant  en 
oeuvre  : 

-  dcs  interfaces  standards  avec  la  charge  utile 

-  une  surabondance  dcs  rcssources  pour 
chaque  module  uutorisant  une  bonne 
standardisation 

-  un  amdnagement  souple  favorisant  I’ajout  de 
modules  compldmentaires,  k  la  demande. 

Cette  approche  modulaire  est  reprdsentde 
typiquement  par  les  concepts  de  BUS 
MULTIMISSION  dtudies  conjointement  par 
MATRA  MARCONI  SPACE  et  notre 
partenaire  nord  amdricain  FAIRCHILD 
(figure  2). 

Toujours  dans  le  but  de  rechercher  un  effet 
d’dchelle  entre  plusieurs  applications  pour 
reduire  les  couts  non  recurrents,  il  y  a  lieu 
d’adjoindre  k  cette  approche  me-alaire  une 
nouvelle  conception  du  plan  de 
ddveloppement  basde  sur  une  ingenierie 
intdgrde. 

La  figure  3  presente  la  logique  de  I'outil 
SYSTEMA  utilisd  k  MATRA  MARCONI 
SPACE  en  ingenierie  satellite. 

Autour  d’une  base  dc  donnee  ddcrivant  la 
configuration  courante  du  satellite  dtudid,  un 


certain  nombre  d’outils  specifiques  permettent 
de  mener  les  Etudes  d’ingenierie  de  fa^on 
int^gr^e  dans  les  grands  domaines  classiques 
dans  la  conception  de  satellites  ;  analyses 
electriques,  thermiques,  mecaniques 
d’environnement  en  orbite,  controles 
d’attitude  et  dynamique,  propulsion, 
implantation  des  charges  utiles,  analyse  de 
mission,  programmation,  etc... 

Aujourd’hui,  figure  4,  ces  types  d’outiis 
d’ingenierie  int6gree  sont  utilises 
principalement  dans  la  premiere  partie  d’un 
d^veloppement  depuis  la  proposition,  les  trade 
off  mission,  la  phase  A  ,  les  compromis 
d’amenageraent  jusqu’tt  la  phase  B  et  les 
optimisations  fines  de  la  configuration. 

Pour  reduire  encore  les  couts  non  rdcurrents, 
et  A  condition  d'admettre  les  risques 
compldmentaires  d’imperfection  d’une 
simulation  numdrique  -  risques  acceptables 
pour  des  applications  pas  trop  complexes  de 
petits  satellites  tactiques  -  la  validation  par 
simulation  de  la  configuration  en  utilisant 
I’outil  en  phase  C  devrait  permettre  de  rdduire 
encore  trds  fortement  non  seuiement  le  cout 
des  essais  globaux  (vide-solcil,  mdcanique, 
dynamique...)  mais  surtout  les  temps  dc 
developpement. 


Cette  apprcche  a  ddja  dtd  testde  avec  succds 
au  travers  de  S80T  (figure  5)  microsatellite 
lancd  a  I’etd  92  en  compagnon  du  satellite 
TOPEX  POSEIDON  par  ARIANE. 
L’utilisation  intensive  de  SYSTEMA  depuis  la 


phase  de  conception  Jusqu'4  la  fin  du 
ddveloppement  a  permis  de  mener  ce 
programme  ^  bon  terme  en  trds  peu  de  temps 
et  pour  un  cout  trds  attractif. 


CONCLUSION 


L’approche  prdsentde  ici  est  loin  d'etre  unc 
revolution,  c’est  seuiement  une  dvolution  . 

Elle  capitalise  au  trovers  des  outiis 
d’ingenierie  intdgrde  tout  I’acquit  des  plates* 
formes  multimission  ddveloppdes  par  MMS  au 
travers  des  programmes  SPOT  2,  3,  ERS  1 
et  2  ,  HELIOS  -  SPOT  4  et  plate-forme 
polaire. 

Ces  outiis  d’ingenierie  intdgrde  ne  prennent  en 
cffet  toute  leur  cfficacitd  qu’4  I’aunc  des 
experiences  acquises  et  des  analyses  mendes 
lors  des  ddveloppements  ou  aprds  expertise 
des  comportements  en  vol. 

Une  telle  approche,  par  sa  souplesse  de  mise 
en  oeuvre  autcrise  dgalement  une  conception 
ouverte  4  I’dvolution  technologique  et  ^  la 
prise  en  compte  rapide  des  nouveaulds. 

Elle  permet  de  rdagir  au  plus  vite  aux 
nouveaux  besoins  (ou  a  leur  adaptation 
rapide)  dds  qu’ils  sont  exprimds  par  les 
utilisateurs. 
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1  -  CONSTELLATION  LAUNCHES  COST 

2  -  CONSTELLATION  SATELLITES  COST 

3  -  GLOBAL  COST 


IN  ORBIT  LIFE  TIME 
FOR  EACH  SATELLITE  OF 
THE  CONSTELLATION 

GLOBAL  COST  OF  THE  CONSTELLATION  FOR  A  MISSION 
ON  A  GIVEN  PERIOD  OF  TIME 


SPACECRAFT  FEATURES 


Closs  II  muitimission  spacecraft 

CAPABILITY: 

Mission  life  ;  3  to  4  years 

Orbit  altitudes  :  200  -  1000  km 

Payload  available  mass  :  up  to  200  kg 

Payload  available  power :  100  W  mean,  200  W  peak 

Battery  copacity  :  9  or  1 8  Ah 

Voltage  :  28  +/-  4  V 

Attitude  pointing  accuracy  :  +/■  0. 1  5  deg 

Data  storage  on  board  :  5  Gigabits 

Data  transmission  :  2  to  8  Kbits/sec 

Encryption  :  optional 


The  FAIRCHILD/MATRA  MARCONI  SPACE 
spocecraft  is  a  light  weight,  low-cost  structure  designed 
to  accomodate  a  wide  range  of  scientific  and 
operational  payloads  .  it  provides  a  simple,  efficient 
power  system  with  a  super-NiCd  battery  and  a 
modular  solar  orray  that  can  be  adapted  to  various 
orbit  geometries  and  payload  demands  .  The  central 
data  processor  unit  includes  an  embedded  solid-state 
recorder  ond  generous  margin  for  growth  .  The 
attitude  determination  and  control  system  and  the 
propulsion  system  ore  both  designed  for  flexibility 
ond  long  life  . 


250  Kg 


170  Won 
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1.  SOMMAIRE 

L'objet  de  cette  presentation  est  de  proposer  un  systeme  de 
navigation  fonctionnant  suivant  le  ineme  principe  que  le 
systeme  GPS  mais  qui  offrirait  un  service  permanent  cn 
Europe  a  i'aide  d'un  nombre  limite  de  satellites. 

La  constellation  presentee  ici  ne  necessite  que  4  satellites 
comprenant  un  geostationnaire  et  trois  satellites  sur  des 
orbites  geosynchrones  d'inclinaison  et  d'excentricite  faibics. 
Cette  constellation  permet  de  couvrir  totalcment  I'Europe,  le 
Moyen  Orient  et  I'Afrique.  En  outre.  Tutilisation  de  satellites 
relativcment  simples  est  envisageable.  En  effet,  tous  les 
satellites  etant  visibles  en  permanence  depuis  un  meme 
point  du  Globe,  il  est  possible  de  laisser  au  sol  I'horloge 
ultra-stable  qui  foumit  la  reference  de  temps  pour  les 
mesures  de  distance  usager-satellite. 

Cette  constellation  apparaissant  comme  proinetteuse.  une 
analyse  plus  poussee  est  en  cours  afin  de  juger  de  la 
faisabilitc  d'un  tel  systeme.  En  particulier,  les  problemes 
poses  par  la  mise  et  le  maintien  a  poste  d'une  telle 
constellation  ont  d'ores  et  deja  ete  analyses.  On  presente  ici 
plusieurs  solutions  envisageables  pour  la  mise  a  poste,  avec 
lancements  uniques  ou  multiples,  a  partir  d'orbites  de 
transfert  standard  ou  non.  Afin  de  fournir  une  premiere 
evaluation  du  cout  de  maintien  a  poste.  I'influence  des 
principales  perturbations  d'orbitc  sur  le  service  fourni  a  ete 
analysee.  Quelques  exemples  de  mailien  a  poste  sont 
egalement  fournis. 

2.  INTRODUCTION 

Les  performances  du  systeme  americain  de  navigation  par 
satellites  GPS  (Global  Positioning  System)  sont  desormais 
bien  connues  et  ses  applications  potentielles 
particulierement  nombreuses  tant  dans  te  domaine  civil  que 
militaire.  Bien  entendu,  I'obtention  de  ces  performances 
(couverture  mondiale  quasi  permanente)  necessite  la  mise 
en  oeuvre  d'un  nombre  important  de  satellites  complexes. 

II  nous  a  done  paru  interessant  d'examiner  s'ii  est  possible 
de  concevoir  des  systemes  de  navigation  fonctionnant 
suivant  le  meme  principe  que  GPS.  mais  avec  un  nombre  de 
satellites  beaucoup  plus  reduit.  Le  service  offert  ne 
differerait  de  celui  fourni  par  GPS  que  par  I'etendue  de  la 
zone  geographique  couverte  par  ces  systemes.  Nous  nous 
sommes  plus  particulierement  interesses  a  des  constellations 
offrant  une  couverture  de  I'Europe. 

Les  resultats  d'une  premiere  etude  ont  montre  qu'il  est 
possible  d'assurer  un  service  permanent  de  navigation  sur  la 
majeure  partie  de  I'Europe.  Ic  bassin  mediterrancen  et 
I'Afrique,  avec  une  constellation  de  4  satellites,  nombre 
minimal  requis  pour  une  navigation  de  type  GPS. 


Les  resultats  presentes  dans  cette  communication  concement 
une  premiere  analyse  de  la  faisabilite  d'un  tel  systeme,  et  en 
particulier  la  capacite  a  dcployer  et  maintenir  en  service  la 
constcllat;  m  de  satellites  utiiisee. 

Tout  d'abord,  nous  rappellerons  brievement  le  principe  de 
fonctionnement  du  systeme  de  navigation  GPS.  Puis  nous 
presenterons  les  principales  caractcristiques  de  la 
constellation  a  4  satellites  retenue  pour  cette  etude.  Les  deux 
chapitres  suivants  sont  consacres  respcctivement  a  la  mise  a 
poste  et  au  maintien  a  poste  de  cette  constellation. 

3.  FONCTIONNEMENT  DU  SYSTEME  GPS 
Le  systeme  americain  de  navigation  par  satellites  GPS 
(Global  Positioning  System)  permet  a  tout  usager.  disposant 
du  recepteur  adequat.  de  determiner  presque  instantanement 
sa  position,  sa  vitesse  et  I'heure  locale.  Ces  calculs  sont 
effectues  avec  une  precision  inegalee  jusqu'a  present  par  les 
auUes  systemes  de  navigation.  Le  principe  de  navigation 
utilise,  par  triangulation  geometrique  redondante.  impose  a 
tout  usager  du  systeme  d'etre  en  visibilite  simultanee  d'au 
moins  4  satellites  de  la  constellation.  Dans  sa  version 
complete,  celle-ci  est  composee  de  24  satellites  evoluant  sur 
des  orbites  circulaires  inclinees  d'une  periode  de  12  heures. 

Rappelons  brievement  le  principe  de  fonctionnement  du 
systeme.  Chaque  satellite  de  la  constellation  GPS  emet  en 
permanence  un  signal  vers  la  Terre.  C'e  signal  code  contient 
la  date  exactc  de  depart  du  signal,  qui  est  determinee  par 
une  horloge  atomique  embarquee.  et  des  ephemerides  qui 
permettent  de  connaitre  tres  precisement  la  position  et  la 
vitesse  du  satellite  a  cet  instant.  Ainsi  un  recepteur 
approprie.  dote  d'une  horloge.  peut  determiner  la  distance 
qui  le  separe  du  satellite  a  partir  de  I'ecart  entre  les  dates  de 
depart  et  d'arrivee  du  signal.  La  vitesse  radiale  du  satellite 
par  rapport  au  recepteur  peut  egalement  etre  determinee  par 
mesure  de  I'effet  Doppler  sur  Ic  signal.  En  principe,  avec 
trois  satellites  en  visibilite  sous  un  site  minimal  de  5°, 
I'usager  pourrait  determiner  par  triangulation  sa  position  et 
sa  vitesse. 

Un  systeme  de  controlc  au  sol  permet  de  maintenir  une 
excellcnte  synchronisation  des  horloges  de  grande  precision 
des  satellites.  Par  contre.  I'horloge  de  I'usager  est  beaucoup 
moins  stable.  En  I'absence  de  recalages  frequents,  le  temps 
qu'elle  indique  finit  par  differer  notablement  du  temps  de 
reference  GPS.  cc  qui  introduit  une  forte  erreur  dans  la 
determination  des  distances  usager-satellites:  celles-ci 
deviennent  alors  inexploitables. 

L'erreur  sur  la  distance  est  la  meme  pour  tous  les  satellites 
observes  au  m£me  instant.  Elle  peut  done  etre  estim^  a 
partir  d'une  mesure  sur  un  satellite  supplementaire.  Ainsi.  si 
un  usager  du  systeme  fait  des  mesures  sur  4  satellites  a  un 
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instant  donne.  il  pent  determiner  a  la  fois  son  biais  d'horloge 
(par  rapport  au  temps  CiPS)  ses  irois  coordonnees 
geographiques,  et  eventucllement  les  trots  eomposantes  dc 
sa  Vitesse.  Par  la  suite,  il  peut  determiner  sa  position  et  sa 
Vitesse  avec  3  satellites  seulement  pendant  la  courie  periodc 
duranl  laquelle  son  biais  d'horloge  rcste  quasi  constant. 

fin  definitive,  on  considcrera  qu'un  usager  doit  etre  en 
visibilite  simultanee  d'au  moins  4  satellites  pour  pouvoir 
calculer  sa  position  et  sa  vitesse  instar.lances.  C'est  unc 
condition  stride  qui  assure  une  exploitation  correcte  des 
signaux  emis  par  les  satellites,  quelle  que  soil  la  quaiite  de 
I'horloge  de  I'usager, 

Un  usager  cst  capable  de  determiner  sa  ptisition  exacte  s'il 
connait  la  distance  geometrique  (meme  biaisee)  qui  le 
separe  dc  la  position  diffusee  de  chaque  satellite.  La  mesure 
de  cette  distance  est  entachee  dune  erreur  resultant  des 
Imperfections  du  traitement  du  signal,  dc  la  propagation 
atmospherique  et  des  ephemerides  des  satellites.  .Si  les 
erreurs  de  mesures  pour  les  differents  satellites  utilises  sont 
independantes  et  de  meme  niveau,  la  precision  dc 
localisation  3D,  caracterisee  par  I'ecart  type  dc  I'erreur 
d'estimation  de  la  position,  est  eaale  au  produit  de  I’ecart 
type  des  mesures  et  du  PDOpl'l  (Position  Dilution  of 
Precision).  Le  PIX)P  est  une  quantite  sans  dimension  ne 
dependant  que  do  la  geometric  relative  usagcr-saie Hites. 

Le  PDOP  permet  diitudier  la  precision  de  localisation  de 
toute  constellation  de  navigation  du  type  OPS 
independamment  dc  la  precision  des  mesures.  Ainsi  on 
considcre  usuellemcnt  que  le  service  dc  navigation  est 
assure  a  un  instant  et  en  un  point  doiincs  si  4  satellites  sont 
visibles  et  si  le  PDOP,  calcule  en  ce  point,  est  infericur  a  6. 

4.  CONSTELLATION  OPTIMALE  A  4  SATELLITES 

Dans  une  premiere  ctudel^l,  nous  avons  recherche  des 
constellations  a  faible  nombre  de  satellites  (entre  4  et  9) 
permettant  d'assurer  un  service  de  navigation  du  type  OP.S 
sur  une  region  limitee  dc  la  Terre. 

A  nombre  de  satellites  fixe,  nous  avons  chcrche  a  inaximiscr 
I'aire  de  la  portion  de  la  surface  terrestre  a  rinterieiir  dc 
laquelle  le  PDOP  est  en  permanence  inferieur  a  6.  Cc  crilcre 
presente  de  tres  nombreux  maxima  locaux.  c'est  pourquoi 
nous  avons  utilise  unc  methode  d'optimisation  globale  dont 
le  principe  est  une  recherche  aleatoire  adaptive;  Adaptive 
Random  Search  (ARS).  Il  s'agit  d  une  methode  initialcment 
proposce  par  Bekey  et  Masri  en  Elle  ne 

necessite  que  le  seul  calcul  critere  et  non  celui  de  son 
gradient. 


cn  est  une  particuliercment  interessantc  qui  permet  de 
rcaliscr  une  couverture  permanenie  de  ITurope  et  de 
I'Afriquc  avee  seulement  4  satellites  (voir  figure  1).  ce  qut 
cst  le  nombre  minimal  requis.  ('cite  constellation  est 
conslituee  d  un  satellite  geoslationnaire  et  de  irois  satellites 
situcs  sur  des  orbites  geosynchroncs  inclinecs  (i=18,3')  et 
faibleineni  excenu-iques  (c=0.19). 

La  couverture  permanenie  de  cette  constellation  represenie 
15%  dc  la  surface  Icrreslrc. 

Les  quatre  satellites  etant  conslammenl  visibles  de  tout 
point  dc  la  zone  couverte.  cela  permet  d'envisager  un 
sysleme  de  navigation  simplific  utilisam  une  horlogc 
atomique  au  sol.  les  satellites  etant  alors  mums  d  un  simple 
repetcur. 


i 


1436  ' 


360  • 


240  • 


1  ' 


Fi9ure  1:  Couverture  nominale  de  la  constellation 
Indisponibilite  journaliere  (mn) 

5.  WISE  A  PO.STE 

La  mise  a  postc  d  un  satellite  est  I’operation  qui  permet  de  le 
placer  sur  son  orbitc  dc  service  a  partir  dc  la  surface  dc  la 
Terre.  Elle  est  gcneralement  realisee  en  deux  ctapes.  surtout 
dans  le  cas  d'orbites  elevees  qui  nous  concerne  dans  cette 
etude: 


Les  parametres  optimises  sont,  pour  chaque  salellile.  5  dcs  6 
parametres  independants  definissant  son  orbite;  exccntricite. 
inclinaison.  argument  du  perigee,  ascension  droile  du  noeud 
ascendant  et  anomalie  moyenne.  En  effet.  nous  avons  choisi 
pour  demi  grand  axe  celui  de  I'orbite  geoslationnaire  (42 
164  km).  Dc  la  sorte,  la  zone  survolce  par  chaque  .s.atelli(e 
est  entierement  cantonnee  a  I'interieur  d  une  fraction  de  la 
surface  dc  la  Terre,  ce  qui  est  particulierement  interes.sanl 
pour  chtenir  un  service  dc  navigation  regional.  En 
definitive,  le  nombre  dc  parametres  optimises  cst  compris 
entre  20  et  45. 

Parmi  les  constellations  obtenues  a  I'issuc  de  cette  etude,  il 


-  un  lanceur  injecte  le  satellite  sur  une  orbite  iniermediaire 
qui  differe  dc  I'orbite  finale  souhaitee. 

■  le  satellite  effecluc  un  transfcrl  de  I'orbite  iniermediaire  a 
I’orbite  finale  au  moyen  d’un  motcur  qui  lui  est  propre. 

Dans  le  cas  d'une  constellation  dc  satellites,  on  peut  utiliser 
dcs  lancemcnts  multiples  afin  dc  reduire  le  coul  global  de 
I'operation:  la  premiere  etape  cst  faitc  simultancmcnt  pour 
deux  satellites  ou  plus. 

Le  transfert  d  un  satellite  a  partir  de  I'orbite  iniermediaire  a 
loujours  etc  determine  dans  cette  elude  de  fagon  a  minimiser 
la  quantite  d'crgols  neccssairc  a  I'operation,  a  mas.se  finale 
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dll  satellite  fixee.  Aucune  eontrainte  n  a  etc  prise  en  compte. 
En  particulier.  la  poussee  du  moteur  est  supposec  lihremcnt 
orientable. 

Les  manoeuvres  ont  etc  model  isees  par  des  impulsions. 
Dans  ces  conditions,  la  masse  d'ergols  m^  consommee  par 
un  transfert  s  expnme  simpicment  par: 

■  ^ 

V,  I 

=  iHr  e  -  1 


avec: 

trif  :  masse  finale  du  satellite;  c'cst  la 
masse  a  Tissue  du  transfert.  masse  du 
moteur  comprise. 

AV  ;  sommc  des  variations  de  vitesse  du 
satellite  imprimees  par  les  diverses 
impulsions  du  transfert. 

Vg  ;  vitesse  d'ejection  du  moteur. 

Minimiser  ia  quantite  d'ergols  consommee  cst  done 
equivalent  a  minimiser  la  somme  des  variations  dc  vitesse 
AV.  Ce  dernier  critere  presente  Tinterct  d'etre  independant 
des  performances  du  moteur  (V^)  et  de  la  masse  du  satellite. 
C'est  done  lui  qui  a  effect! vement  ete  employe. 

Dans  cette  etude,  chaque  transfert  est  suppose  realise  au 
moyen  dc  2  unpulsions,  ce  qui  est  le  nomhre  minimal  requis 
pour  un  transfert  quelconque  (entre  des  orbiles  non 
secantes). 

5.1  Mise  a  poste  du  satellite  geostationnaire 

On  suppose  que  le  satellite  geostalionnaire  sera  mis  a  poste 

par  la  procedure  standard  suivante: 

-  un  lanceur  ARIANE  injecte  le  satellite  sur  une  orbite  CiTO 
(Geostationary  Transfer  Orbit)  dont  les  parametres  orhitaux 
sont  approximalivemem  les  suivants: 


Demi  grand  axe:  24  372  km 

Exccntncite:  0.73 

Inclinaison:  8'’ 

Argument  du  perigee:  180'^ 


Ascension  droite  du  noeud  ascendant:  non  Hxee 
(elle  est  fonction  de  Tinstant  de  lancen  enl) 

-  le  satellite  est  place  sur  Torhite  finale  au  moyen  d  une 
impulsion  unique  effcctuce  it  i'apogee  de  Torbitc  GTO.  II 
s'agit  de  son  seul  point  d'intersection  avec  Torbite 
geostationnaire.  Avec  les  valeurs  fournies  ci-dessus,  le  cout 
du  transfer!  est: 

AV  =  LiOO  m/s 

Pour  une  vitesse  d'ejection  usucllc  Vj=  3000  m/s,  le 
transfer!  necessite  done  une  quantite  d'ergols  egale  a: 

65%  dc  la  masse  finale. 


5.2  Vti$e  a  poste  des  autres  satellites 

En  ce  qui  concerne  la  premiere  etape  de  la  mise  a  poste. 
quatre  solutions  ont  ete  envisagees: 


a)  les  satellites  sont  injectes  Initialcment  sur  une  orbite  GTO 
(ses  caracteristiqucs  sont  cclles  mdiquecs  au  paragraphe 
precedent  I. 

b)  ils  sont  injectes  sur  une  orbite  diidiec  a  leiir  rnise  a  poste, 
il  s'agit  d  une  orbite  dc  parametres  orhitaux  identiques  a 
ceux  dune  GTO.  a  Tcxception  de  Tiiiclinai.son.  egale  a 
Tincliiiaison  dc  Torbite  finale. 

c)  ils  sont  injectes  sur  une  orbite  dediee  a  leur  mise  a  poste; 
les  parametres  de  Torbitc  sont  determines  de  fagon  a  ce 
qu  elle  intcrsecte  les  3  orbiles  finales;  chaque  transfert  est 
realise  ’u  moyen  d'une  impulsion  unique  effectuee  en  Tun 
de  ces  points. 

d)  ils  soil!  injectes  sur  une  orbite  dediee  a  leur  mise  a  poste. 
dont  les  parametres  sont  totalement  optimises;  plus 
precisement.  on  optimise  conjointement  la  trajectoire  de 
montee  du  lanceur  et  les  impulsions  permettant  de  realiser  le 
transfer!. 

I’our  les  deux  premieres  solutions,  nous  avons 
ctudic  deux  procedures  de  mise  a  poste: 

-  chacun  des  3  satellites  est  Injecte  separement  par  un 
lanceur  propre. 

Pour  Tun  des  satellites,  on  determine  alors  le  transfert  bi- 
impulsionnel  optimal  qui  permet  dc  passer  de  Torbitc 
d'injection  a  Torbite  finale.  En  realite.  Torbite  d'injection 
nest  pas  cnlieremcnl  definie:  Tascension  droite  TTq  dc  son 
noeud  a.scendant  peut  prendre  n  importe  quelle  valeur  selon 
Tinstant  de  lir.  La  determination  du  transfert  optimal  doit 
lone  eire  faiie  pour  to'ites  les  valeurs  de  Qq  comprises  entre 
0  et  2it.  On  peut  alors  tracer  la  courbe  d  evolution  du  cout  du 
transfert  en  fonction  dc  TIq.  On  en  deduil  la  valeur  opiimale 
de  Oq  qui  CO.  dull  au  tfansferl  "optimum  optimorum ". 

Pour  les  deux  auU'es  .satellites,  les  courbes  se  deduisent  de  la 
precedente  par  un  simple  decalage  en  Oq.  Ce  decalage  cst 
cgal  a  T  -cart  angulaire  qui  existe  entre  ic  noeud  ascendant 
du  premier  satellite  et  celui  du  satellite  eonsidere.  En 
particulier.  le  transfer!  optimum  optimorum "  a  le  memc 
cout  pour  les  3  satellitc,>.  Pour  pouvolr  Tutiliser 
effcctivemenl.  il  suffit  d'ajuster  pour  chaqii''  .>atellite  la 
valeur  dc  Oq  par  le  biais  dc  Tinstant  de  lancement. 

-  Ic.s  3  suteii!te.s  sont  injectes  Minultanement  au  moyen 
d'un  lanceur  unique. 

11  n'exisie  alors  qu'une  sculc  orbite  d'injection  pour  les  3 
satellites,  caracterisec  par  un  donne.  tl  nest  done  pas 
possible  d'utiliscr  le  transfert  "optimum  optimorum  "  pour 
chacun  deux.  La  consommation  d'ergols  cst  par  consequent 
toujours  superieure  ou  egale  a  celle  du  cas  precedent.  On 
bcneficie  par  contre  d'un  cout  de  lancement  inferieur. 

Pour  toutc  valeur  de  on  peut  deduire  de  la  courbe 
obicnue  dans  le  cas  precedent  le  cout  du  transfert  optimal 
pour  chacun  des  3  satellites.  Ces  3  couLs  permettent  de 
calculer  un  cout  global  pour  les  3  transfcris:  nous  avons 
choisi  le  AV  du  transfert  unique  qui  consommerait  une 
masse  egale  a  la  masse  totalc  d'ergols  des  3  transferts,  pour 
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placer  sur  orbite  la  meme  masse  finale  (3  fois  la  masse  d'un 
satellite  apres  mise  a  poste).  La  valeur  de  ce  critere  depend 
de  la  Vitesse  dejection  des  moleurs:  nous  avons  choisi  la 
valeur  Vg=3000  tn/s. 


intercssanic  apparail  pour  3  valeurs  de  Qq:  59',  179',  2‘W'' 
Cest  dans  ccs  cas  que  Ic  plus  grand  des  3  AV  esl  minimal. 
l,a;s  AV  des  3  iransfcrts  sont  alors  rcgroufxis  au  maximum  cl 
valent: 


Pour  les  deux  dernieres  solutions,  scul  le 
lancement  simultane  ues  3  satellites  a  cte  eludie. 


5.2.1  Transferts  depuis  une  GTO 

La  courbe  de  la  figure  2  represente  le  cout  minimal  (  AV  )  du 
transfert  bi-impulsionnel  optimal  depuis  une  orbite  GTO,  en 
fonction  de  I'ascension  droiie  du  noeud  ascendant  de 
cette  orbite. 

m/ s  ,  ,  ,  , 

3200.  H - ^ ^ - h 


2800  . 

2400  . 

2000  . 

1600  . 


degr  e 


Figure  2:  Cout  du  transfert  d'un  des  satellites 

en  fonction  de  I'ascension  droite  du  noeud 
ascendant  de  I'orbite  d'injection  (GTO) 


La  courbc  preseme  deux  minima  separes  de  KiS'"  eti  iig  Le 
plus  petit  cst  alteint  pour  i2Q=106'.  soil  une  valeur  proche 
de  cclle  de  I'ascension  droiie  du  noeud  ascendant  de  l  orhitc 
finale  (102.316'’).  Le  cout  correspondant  esl  de: 


1484  m/s 


l®*^' impulsion  :  1,5  m/s 

2®'"®  impulsion:  1469  m/s 

Avec  une  vitesse  d'ejection  du  moteur  de  3000  m/s.  la  masse 
d'ergols  consommee  scrait  alors  de  64%  de  la  masse  finale 
mise  a  poste.  Ces  rcsultals  sont  tres  voisins  de  ceux  du 
transfert  geostationnaire  cffectue  dans  les  mcmc.s  conditions 
(1509  m/s.  65%). 


Pour  pouvou"  effectuer  chaque  transfert  pour  un  cout  de 
1484  m/s.  il  faui  tmperativement  utiliser  un  lanceur  pour 
chaque  satellite.  L'instant  du  premier  lancern'ml  n'a  pas 
d'impoKince  pour  la  mise  a  poste.  Par  contre,  les  deux 
lancements  suivants  doiveni  etre  fails  a  une  heure 
particuliere  de  la  jouriicc  (qui  depend  de  la  date  de  I'annce). 

.Si  les  3  satellites  sont  injectes  simultanemeiu  par  un  lanceur 
unique,  on  evite  ces  contraintes  de  temps  delicatcs  a 
respecter.  La  figure  .3  represente  le  cout  des  3  transferts. 
ainsi  que  le  cout  global,  en  fonction  de  I'ascension  droiie  Hq 
du  noeud  a.scendant  d  une  GTO  unique.  II  apparait  que  Ic 
coOt  global  cst  quasi  constant,  et  qu'il  ne  permet  done  pas  de 
departager  les  solutions.  Par  contre,  les  coOts  individucis 
varient  fortement.  Une  situation  particulierement 


2160  mis,  2160  mis  et  1990  m/s 

I'raduits  en  masse  Jergols  consommee.  les  rcsultals 
devienneni  respeclivemenl: 

105%.  105%  et  94%  de  la  masse  finale  d  un  satellite. 

Ces  chiffres  sont  suffisammcnt  voisms  pour  quon  puissc 
envisager  de  dimcnsionner  de  la  meme  iai,'on  le  systemc 
propulsif  de  chaque  satellite, 
m/s 

3200 

2800 

2400 

2000 

1600 


o!  9o\  180.  270.  360 

deg  r  e 

Couf  des  3  iransler's  et  coin  global 
en  fonction  de  I'ascension  droite  du  noeud 
ascendant  de  I'orbite  d'injection  (GTO) 

La  valeur  de  Oq  depend  de  l'instant  de  tir  du  lanceur.  On 
pourraii  done  per.ser  que  cclui-ci  doit  etre  choisi 
convenablemcnt  pour  que  les  transferts  puissent  etre  realises 
dans  les  conditions  parlieulieremenl  interessaiites  que  Ton 
vieni  de  mcnlionner.  En  realite,  ce  n'csl  pas  le  cas  parce  que 
les  valeurs  absolues  de  I'ascension  droite  du  noeud 
ascendant  des  orbilcs  finales  nont  pas  d’imporlance:  scules 
leurs  valeurs  relatives  sont  fixecs.  Or  ces  valeurs  relatives 
sont  rcspectees  dans  loulcs  les  configurations  representees 
sur  la  figure  3.  Done  dans  le  cas  d  un  lancement  simultane 
des  3  s.'itellilc';.  la  realisation  des  transferts  n'lmpose  done 
aucune  contrainte  sur  l'instant  de  tir. 

5.2.2  Transferts  depuis  une  GTO  nwdifiee 
Tous  les  resultats  relatifs  a  ce  cas  sont  visualises  sur  la 
figure  4.  qui  est  I'analogue  de  la  figure  3:  le  AV  de  chaque 
IransUrt,  ainsi  que  le  AV  global,  sont  representes  en 
fonction  de  I'ascension  droite  fig  du  noeud  ascendant  de 
I'orbite  d'injection. 

Dans  le  cas  d'un  lancement  individuel  de  chaque  satellite.  le 
transfert  peut  etre  moins  coGlcux  que  si  I'orbite  d'injection 
esl  une  GTO  standard.  La  co'irbc  relative  ii  chaque  transfert 
presenie  en  effet  un  minimum  unique  (au  lieu  de  2 
precedemment).  dont  le  AV  cst: 

1292  m/s 

ce  qui  correspond  a  une  masse  d'ergols  consommee  de  54% 
de  la  masse  finale. 
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m/  s 
3200  - 

2800 

2400  . 

2000  . 

1600  , 

1  200  . 

0.  90.  180  270.  360. 

deg  r  e 

Figure  4:  Cout  des  3  transferts  et  cout  global 

en  fonction  de  I'ascension  droile  du  noeud 
ascendant  de  I'orbite  d'Injection 
(QTO  d'inclinaison  modifiee) 


l;n  pratique,  on  pourrait  cnvisaecr  d  iiiiccicr  dans  un  premier 
temps  les  3  satellites  sur  Ci’ld  standard,  puisquc  lisrbile 
Dptimalc  identifiec  est  quasi  geostaiioniiaire  lls  seraicnt 
ensuite  translercs  sur  celle-ti  ensemble  ou  iiidividucllcmcnt. 
pour  un  cout  i\V  =  1530  in/s  I.c  tout  global  (xiur  thaque 
satellite  scran  done  de  3054  m/s.  son  hcaueoup  plus  que  les 
2160  m/.s  necessaircs  pour  une  misc  a  posie  bi- 
impulsionnellc  dircetc  dcpuis  unc  (il'O  I'ne  telle  solution 
presentcrait  done  (x:u  d'lnttrei 

5.2.4  Oplimisalion  couptff  lif  la  ircijet  toire  au  Utneeur  a 
des  3  transferts 

Nous  disposons  dun  logicicl  capable  doptimiscr 
simultancment  la  trajettoirc  dc  moiuce  d  un  lanccur  donne. 
plaij'ant  un  ou  plusieurs  satellites  sur  orhne  d  injection,  ct  les 
transferts  bi-impulsionnels  pcrmeiiant  de  placer  ecs 
satellites  sur  Icur  orhites  finaltsi-l  Plusieurs  critercs  son! 
susceptibles  detre  minnnises  Pour  eetic  ciudc,  nous  avons 
choisi  la  valcur  mautimalc  des  AV  des  3  transferts 


,Si  par  contre  les  3  satellites  sont  injectcs  sur  une  meme 
orbile  a  Tissue  d  un  lancemeni  multiple,  la  situation  est  plus 
dtifavorable  que  dans  le  cas  d  une  inieetion  sur  (.iTO  II 
existe  3  solutions  optimales.  pour  i’iQ  =  108'  .  228  el  3482 
l.es  coOts  correspondants  sont: 

2797  tn/s,  2797  m/s  et  1315  m/s 

Le  i.V  maximal  est  Ires  nettement  superieur  a  celui  constate 
danr  le  cas  '  une  injection  sur  OTO  (2797  m/s  au  lieu  de 
2160  m/s),  En  outre,  les  irois  AV  ne  sont  pas  du  tout  du 
meme  niveau. 

En  conclusion.  Tinjection  sur  GTO  motlifiec  n'est 
interessanle  que  dans  le  cas  des  lancemeni  separes.  Elic 
permet  de  fair  une  petite  economic  d'ergols  (169f)  par 
rapport  a  une  injection  sur  GTO  standard.  II  rcslc  a  ctudtcr 
si  une  telle  orbile  est  accessible  a  un  lanccur  Ariane.  La 
GTO  standard  est  en  revanche  une  orbite  d'injection  bicn 
superieure  si  les  3  satellites  sont  lances  ensemble. 


Cc  logicicl  a  etc  utilise  pour  opiimiser  la  rinse  poste 
complete  des  3  satellites,  dans  I  It  y  pot  he  sc  ou  on  utilise  un 
unique  lanccur  du  type  Anane  5.  tire  depuis  Koun:iu.  Nous 
avons  considiirc  que  la  masse  tinale  des  satellites  en  tin  dc 
imsc  a  poste  est  de  5(K)  kg.  et  que  la  vitcssc  d  election  des 
molcur.s  dc  tran.sfert  est  de  3000  m/s. 

I. orhne  ti'inieclion  idcntiliee  a  Tissue  de  I  oplinnsalion  est 
unc  orbile  voisine  de  la  lilO  standard  Eilc  cm  caraclcnsce 
par  les  parameires  suivants 

Demi  grand  axe:  27  266  km 

Exccninciie:  0,72'W 

Inclinaison:  6  45 

Argument  du  perigee,  172.94 

La  figure  5  est  I  analogue  des  figures  3  ci  4;  elle  represente 
le  coin  des  3  transferts.  ainsi  que  le  cout  global,  en  fonction 
dc  I'ascension  droile  Oq  du  nixrud  ascendant  de  celtc  orbitc. 

m/  s 

3200. - - - - - *■ 


5.2.3  Transferts  inono-impulsionneLs  depuis  une  iirhile 
d'injection  commune 

Nous  avons  recherche  une  orbite  d'injection  interccpiant  les 
3  orbites  finales,  dc  fa^on  a  pouvoir  realiser  chaque  transfert 
au  moycn  d'une  impulsion  unique  On  considere  que  les 
satellites  sont  tous  les  3  .silues  sur  cctle  orbite  apres 
injection,  ce  qui  suppose  en  pratique  qu  its  onl  etc  lances 
ensemble. 

Un  balayage  exhaustif  de  toutes  les  orbites  (circulaires  ou 
elliptiques)  intercepiant  les  3  orhites  finales  a  etc  effeclue 
Pour  chaque  solution,  nous  avons  cakulc  la  s'-mme  des  3 
AV  des  impulsions.  En  definitive,  il  est  apparu  que  la 
solution  qui  minimise  cette  somme  est  une  orbite 
equatoriale  de  demi  grand  axe: 

42  755  km 


2800 

2400 

2000 

1600 


1200.  -1 - ^ - ^ ^ - 

o!  90  180  270.  360 

deg  t  e 


iqure  5:  Cout  des  3  transferts  et  cout  global 

en  fonction  de  I'ascension  droite  du  noeud 
ascendant  de  I'orbite  d'injection  (optimisee) 


II  s'agil  done  d  une  orbite  voisine  dc  Torbitc  gthislalionnairc.  Gomme  pour  la  mise  a  poste  a  partir  d  une  injection  sur 

dont  le  demi  grand  axe  est  42  164  km  routes  les  impulsions  GTO,  on  constate  que  la  solution  la  plus  intcrcs,sanie 

sont  egales  et  valent  chacunc:  corres|pond  a  3  valeurs  de  O  j  Les  AV  correspondants  sont: 


1 124  m/s 


2031  m/s.  2031  m/s  cl  1942  m/s 
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C'est  dans  ce  cas  que  la  vaieur  maximale  dcs  3  &V  est  la 
plus  petite.  C'est  dans  ce  cas  egalcmcnt  qu'ils  sont  les  plus 
voisins  les  uns  des  autres.  Ces  resultats  correspondent  a  des 
masses  d'ergols  consommees  valant  rcspectivcment: 

07%.  07%  et  01%  de  la  masse  finale  d'un  satellite. 
Par  rapport  a  une  mise  a  poste  utilisant  une  GTO  standard, 
on  observe  une  reduction  d'environ  8%  de  la  masse  d'ergols 
maximale. 

6.  MAINTIEN  A  POSTE 

L'analyse  de  performance  qui  a  permis  de  proposer  la 
constellation  etudiee  a  ete  realisee  sans  prendre  cn  comptr 
les  principales  perturbations  naturelles  agissant  sur  les 
satellites  de  la  constellation.  La  prise  en  compte  de  ceiles-ci 
est  en  effet  inutile  pour  analyser  la  performance  du  systeme 
sur  une  duree  de  24  heures.  Cependant.  il  est  clair  que  le 
service  foumi  par  le  systeme  envisage  n'a  d'interct  que  si 
celui-ci  est  disponible  pendant  une  duree  nominale 
s'etendant  sur  plusieurs  annees.  II  convient  de  verifier  que  la 
constellation  proposce  esi  viable  vis  a  vis  de  ce  criterc.  ei 
qu'en  particulier  les  perturbations  subies  par  les  satellites 
composant  la  constellation  n  imposent  pas  des  manoeuvres 
de  maintien  a  poste  trap  frequentes  ou  trop  coutcuses. 

L'etude  du  maintien  a  paste  a  done  ete  realisee  en  deux 
temps;  tout  d'abord.  les  principales  perturbations  agissant 
sur  les  satellites  ont  ete  simuiees,  et  I'inlluence  des 
degradations  d'orbite  sur  la  performance  du  .systeme  a  ete 
evaluee.  Dans  un  deuxieme  leinps,  pour  un  cycle  de 
correction  d'orbite  choisi  au  vu  de  l'analyse  prccedente.  des 
manoeuvres  de  maintien  a  poste  ont  etc  determinces  et  le 
cout  global  de  maintien  a  poste  a  etc  evatuc. 

Le  satellite  geostationnairc  n'a  pas  ete  pris  en  compte  pour 
cette  analyse  pour  les  I'aisons  suivantes;  comme  il  a  etc 
indique  en  introduction,  la  charge  utile  de  navigation 
proprement  dite  sera  d'un  volume  et  d  une  mas.se  liinitee.  ce 
qui  autorise  son  adjonction  sur  un  satellite  geostationnairc 
devolu  a  une  autre  aciivite  principalc  (tclccoinmunication 
parcxcmpIcL  Dans  ces  conditions,  le  maintien  a  poste  de  ce 
satellite  sera  fixe  par  les  exigences  de  positionnement  fin  du 
satellite  de  telecommunication.  Par  ailleurs,  si  Ton  envisage 
d'utiliser  un  satellite  geostationnairc  purement  dcdic  a  la 
mission  de  navigation,  I'encombrcment  de  forbite 
geostationnaire  imposera  a  celui-ci  une  fenetre  dc 
stationnement  limitee.  Le  respect  de  cette  fenetre 
necessitera  un  maintien  a  poste  d'un  niveau  comparable  ii 
celui  d'un  satellite  geostationnairc  dc  telecommunication, 
soit  environ  50  m/s/an  en  termc  dc  vitesse  caracteristique. 

6.1  Usure  naturelle  dcs  orbites 

Compte  tenu  de  la  nature  des  orbites,  les  perturbations 
principales  qu'il  convient  de  prendre  en  compte  sont  les 
suivantes: 

-  dissymetnes  du  potcntiel  gravilatiomicl  terrestre. 

-  attraction  gravilationnelle  de  la  Lunc  et  du  .Solcil. 

-  pression  de  radiation  .solairc  di'-ecte. 

Le  potentiel  terrestre  a  ete  moclelise  cn  prenant  en  compte 
les  termes  zonaux  et  tes.seraux  jusqu'a  I'ordrc  et  le  degre  8. 


Pour  le  calcul  dc  la  pression  de  radiation,  les 

caracteristiques  physiques  reicnucs  pour  les  satellites  sont 
IvS  suivantes: 

surface  exposee:  .1  m" 

masse;  500  kg 

coefficient  Ihcnno-opiiquc  global  1.2 

6.  /.  J  Inienraiion  du  mouveinenr  des  salfUiies 
L'analyse  de  I'usure  dcs  orbites  sous  linfluence  dcs 

perturbations  naturelles  a  ete  realisee  cn  utilisant  un  premier 
logicicl  dcveloppc  a  I'ONKRA  qui  permet  une  integration 
rapidc  cl  liable  du  mouvement  orbital.  Ce  logiciel  utilise  Ic 
formalismc  des  paramclrcs  centres  (ou  parametres  moyensj 
qui  permet  de  supprimer  les  perturbations  a  haute  frequence, 
qui  n'ont  que  peu  d'influcnce  sur  revolution  a  long  termc  de 
I'orhite.  Cela  autorise  ainsi  ruulisaiion  de  grands  pas 
d'lniegration  (typiqucmtnl  de  I'ordrc  dc  la  peruxie  orbitale. 
sou  24  heures  ici).  au  lieu  de  quelqucs  minutes  si  Ion  utilise 
les  eliunciils  osculateurs  dc  I  orhiie  (elements  iiislantanes) 
t'ctlc  technique  permet  done  dc  rcaliscr  rapidement  dcs 
mtcgralioiis  dc  longue  duree. 

Pour  analyser  I  evolution  de  la  pertormanee  du  systeme  sous 
rinllucnec  des  perturbations  naturelles.  les  parametres 
orhitaux  de.s  irois  satellites  eonsidcres  sont  uitcgres  avee  ic 
logicicl  precedemment  deem  Periodiqucment.  on  relcve  la 
valour  de  ecs  parametres  ei  on  les  utilise  pour  determiner  la 
nouvclle  eouverture  du  systeme  apres  perturbation  d'orbite. 
r.n  pratique,  les  ealculs  de  eouverture  ont  etc  realises  tous 
les  7  jours  et  la  duree  giobalc  d'analysc  eonsctuiivc  est  de  6 
mois.  La  date  de  depart  de  I  analyse  a  ele*  fixee  au  1  Janvier 
1W.3.  CeUe  date  a  une  mniieiiec  directe  sur  le  rc.sultat 
puisquellc  fixe  la  position  relative  dc  la  I'crTe  cl  des  autres 
astres  pcriurbaleuis.  line  analyse  plus  pous.see  devra  done 
ctre  realisee.  pour  cvaluer  notummeni  I  influenec  dc  la  dale 
dc  lanecinem. 

6. 1.2  CttU'ul  de  Ui  eouverture 

Afin  dc  pouvoir  comparer  coiTcetcmcnt  la  eouverture  dc  la 
constcllalion  "perlurbce '  avee  la  eouverture  nnmmalc.  il  a 
she  proeede  de  la  manicre  suivjiite: 

-  Le  contour  dc  la  z.one  de  eouverture  nominale  a 
ete  modelisc  approximativcmen!  par  un  potygone 
spherique,  que  Ton  peut  observer  sur  la  figure  1. 

■  I  In  rcseau  de  points  situcs  a  la  surface  dc  la 
Terre  a  etc  defini  a  rititcricur  dc  ee  polygone.  Ces 
points  sont  repartis  sur  de.s  parallelcs  disposes  tous 
les  2"  en  latitude  .Sur  chaque  parallelc.  les  points 
sont  cqui-repartis  en  longitude  cl  leur  nombre  est 
choisi  de  telle  fa^on  que  la  densite  surfacique  dc 
points  soil  approximalivcmcnl  constante  sur 
I'enscmblc  du  rcseau. 

-  L'analyse  de  eouverture  est  realisee  en  integrant 
la  constellation  sur  24  heures  (periodc  de 
rccouvrcmem  dc  la  constellation  nominale)  el  en 
lestant  toulcs  les  5  minutes  la  vaieur  du  PDOP  en 
chaque  poiiii  du  rcseau.  On  determine  atnsi  le 
pourcentage  dcs  points  ou  le  service  dc  navigation 
est  acce.ssible  cn  permanence  sur  la  duree 
d'integration.  l,e  service  est  clii  accessible  a  un 
instant  donne  ,si  il  y  a  au  moms  4  satellites  visibles 


a  ee(  instant,  et  si  le  PDOP  est  mfeneur  a  6. 
Compte  lenu  de  la  repartition  dcs  points  du  reseau, 
ce  pourcentage  est  aussi  le  pourcenlage  de  la 
surface  couverte.  il  est  exattemenl  dc  W.Mc  pour 
la  constellation  nominale.  La  performance  dc  la 
constellation  degradec  a  loujours  etc  chiffrce  au 
moyen  dc  cet  indiee. 

6.  Li  Resultals  de  I'analyse 

La  figure  6  represeme  I'cvoiulion  du  pourcentage  de  la 
surface  du  polygone  couverte  par  la  constellation  en 
fonction  du  temps  icxprime  en  sematnesi. 


s  ema  i  n  e 

Figure  6:  Evolution  naturelle  du  pourcentage  de 
couverture  en  fonction  du  tennps 


Cette  figure  monlre  que  la  couverture  diminue  lentement  ct 
progressivement  pendant  6  semaines,  puis  ccitc  diminution 
s'accelere  pour  aboutir  a  une  disparition  complete  dc  la 
couverture  apres  4  mois  environ. 


l.a  figure  7  represente  la  couverture  de  la  con.stcllation  ii  cet 
instant. 


Figure  7:  Couverture  de  la  constellation  apres  4  mois 
Indisponibilite  journaliere  (mn) 


Plus  aueune  region  nc  hcncficic  d  un  service  pcrinancrii  cl 
la  /.one  la  plus  privilcgicc  siihit  des  pcriodcs 
d  indisponihi'ite  journaliere  pouvaiit  attciiidre  4  heurcs  Ln 
outre.  Ics  regions  Luropceiines  sont  tres  vile  privecs  de 
scrvicc.il  est  done  clair  qu  un  maiiuien  a  posic  rclativemcnl 
frequent  est  necessaire, 

A.2  Strategic  ct  cuut  de  maintien  a  puslc 

6  2.  t  Frequence  ile  nuiiniien  it  fioaie 

Le  premier  paraincirc  a  choisir  pour  coalucr  le  cout  dc 
mainlicn  a  poste  csl  la  frequence  dcs  corrcciinns  Plusicurs 
facteurs  peuvent  influer  sur  son  choix. 

■  le  niveau  de  degradation  tolerable  pour  la  zone  dc 
couverture. 

■  la  durce  d'lndisponibilitc  liu  service:  les 
manoeuvres  rendeni  ires  certainemenl  le  systeme 
temporairemcnt  mulilisablc  tla  precision  de 
liKalisatioii  des  satellites  est  alors  in'p  faible  pour 
permeltrc  une  navigation  de  qualiiel. 

Ic  cout  global  du  niaiiuicn  a  poste:  la  frequence 
dcs  inanoeuvres  peut  dans  une  ceriaine  rnesure 
influer  sur  ce  cout  cm  cas  dc  non  liiicariic  du  niveau 
des  pcrliirbatiniis  cii  I’oiiciion  du  lemps. 

Pour  celtc  premiere  analyse,  nous  avons  decide  de  proceder 
a  un  recalage  dcs  orbites  des  .salellites  loutcs  les  K  semaines. 
La  figure  X  permcl  de  juger  de  la  degradation  de  la 
performance  obtenuc  apres  un  tel  dtdai  sans  recalage.  On 
peut  constater  que  le  service  s  est  csscni.cilenient  degrade  au 
Sud.  et  que  l  liuropc  rcste  concctcincnt  couverte.  I.c  choix 
dcs  8  semaines  scinblc  consiitucr  un  bon  compromis:  une 
duree  plus  longue  conduit  a  une  perte  dc  couverture  tmp 
iinporlantc  sur  ri'.iirope.  alors  qu  unc  frequence  dc 
manoeuvre  plus  cdcvcc  diininucrait  fortement  la 
disponibilite  du  service. 


Figure  8:  Couveiure  de  la  constellation 
apres  8  semaines 
Indisponibilite  journaliere  (mn) 
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L'analyse  du  coul  de  mainiten  a  pos(c  doit  eire  realisec  en 
deux  temps:  tout  d  abord.  il  convient  de  determiner  quels 
som  les  parametres  qu'ii  cst  absolument  neccssaire  de 
cnmger:  li  est  en  effet  possible  que  la  setisibditc  de  certains 
parametres  sur  le  service  soil  suffisamment  faible  ptrur  que 
I  on  puisse  sc  permetire  de  ne  pas  les  corriger  sur  toule  la 
durce  du  service.  linsuite,  le  cout  dcs  corrections  ii  rcaliser 
dott  clre  calcule.  Pour  ccla.  le  li  giciel  d'optimi.sation  de 
manoeuvres  bi-impulsionneiles.  dejit  utilise  pour  I'ctude  de 
la  mise  a  posle.  a  de  nouveau  ele  mis  en  oeuvre. 

6.2.2  Manoeuvre;:  de  inaintien  d  po.ste 

Line  etude  exhaustive  dcs  possibilities  de  maintien  a  poste  de 
la  constellation  a  ete  reali.see.  en  teslant  succcssivcmcnl  la 
necessite  de  corriger  chacun  dcs  parametres  orbilaux. 
Compte  tenu  de  la  volonte  de  rcali.ser  des  satellites  simples 
et  pcu  couteux,  les  premieres  analyses  out  eu  pour  but  de 
verifier  s  il  etait  possible  de  se  coiitenter  de  manoeuvres 
effectuees  scion  la  vitcsse  du  satellite,  ou  a  la  ngueur  dans 
Ic  plan  de  I'orbite.  Le  but  etait  d'eviier  si  possible  dcs 
manoeuvres  de  modification  du  plan  de  lorbitc,  qui  sont 
couteuses  et  qui  iinposenl  uiie  plate-forme  plus  complcxc 
pour  le  satellite. 

Ces  tests  onl  malheureusement  montre  que  cela  nest  pas 
possible.  La  figure  represcnte  revolution  de  la  couvcrture 
di.  systemc  dans  I'hypothcse  de  corrections  dans  le  plan  de 
I'orbite  seulement  (correction  du  demi  grand  axe.  de 
rexcciitricite.  de  I'argument  du  perigee  el  de  I'anomalie 
vraie  de  I'orbite).  On  constate  une  perle  progressive  de  la 
couveriure  nominale:  celle-ci  nest  pa.s  tolaleinent  lecuperee 
a  I'issue  de  chaque  manoeuvre  et  la  situation  ne  fail 
qu'empirer  avec  le  temps. 


%  (  sur  face) 
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Figure  9:  Evolution  du  pourcentage  de  couverture 
en  fonction  du  temps. 

Corrections  dans  le  plan  de  I'orbite. 

11  s'avere  done  neccssaire  de  rcaliser  egalcmeiit  dcs 
corrections  du  plan  de  I'orbite  (inclinaison  cl  ascension 
droile  du  noeud  ascendant).  Un  ce  qui  cor.ccrne  ce  dernier 
parametre,  les  manoeuvres  realisces  sc  conicnient  d'assurcr 
que  les  3  plans  d'orbite  conservent  la  disposition  relative 
qu'ils  avaient  initialemenl.  Rn  effet.  sous  rinflucncc  dcs 
termes  tesseraux  du  potcntici  gravitationncl  terrestre  et  sous 
celle  dc  I'atlraction  luni-solaire.  la  vitessc  de  rotation  des 
plans  d'orbite  differe  suivant  les  satellites.  En  revanche,  la 
rotation  d'ensemblc  des  plans  d'orbite,  due  csscnticllcmcnt  a 


I'aplatissemcnt  dc  la  rerre  cl  qui  aileint  environ  0.8“'  apres  8 
scinaiiics.  n  est  bien  entendu  pas  corrigee  puisqu'il  suffit  dc 
mixlificr  legerement  le  dcmi  grand  axe  initial  dcs  orbites 
pour  que  la  longitude  des  nocuds  ascendants  par  rapport  a  la 
Terre  reste  fixe.  Ues  manoeuvres  dc  ce  type  effectuees 
toutes  les  8  scinaines  perincitent  d'assurer  une  couveriure 
qui  reste  loujours  superieurc  a  de  la  couvcrture  iniliale 
pcndaiil  les  7  annccs  dc  duree  dc  vie  ciivisagccs  pour  le 
systemc. 

6.2.J  Cout  du  maintien  d  paste 

C’omine  on  vieni  dc  le  voir,  le  maintien  a  poste  envisage 
necessite  dc  eoniger  la  totalite  des  parametres  orbilaux. 
Neaniiioiiis.  la  coiTcclion  des  noeuds  a.sccndant.s  ayant 
uiiiquement  pour  but  de  mainicnir  la  disposition  relative 
initiale  des  plans  d'orbite.  il  suffit  de  manoeuvrer  deux 
satellites  sur  les  irnis  ptiur  rcaliser  celle  operation.  L'identiie 
des  satellites  a  manoeuvrer  peut  etre  choisie  dc  diffcrcnics 
fayoiis.  Pour  celle  premiere  analyse.  2  scenarios  dc  maintien 
il  poste  out  cie  envisages: 

a)  on  permute  reguliereinenl  le  satellite  qui  ne 
manoeuvre  pas. 

h)  on  manoeuvre  les  satellites  qui  permetfent  de 
ininiiniscr  la  somme  totale  de  variation  angulairc  a 
rcaliser. 

Pour  tester  chacuiie  de  ses  opiions.  rensemble  des  logiciels 
meiitionnes  jusqu  a  present  a  etii  ulilistv 

•  integration  en  elements  centres  des  orbites  de  la 
coiistellatioii. 

■  calcul  de  la  performance  avani  et  apres  les 
manoeuvres  de  correction. 

•  calcul  dll  cout  minimal  des  manoeuvres  dc 
correction,  modelisees  par  dcs  iran,sferls  bi- 
impulsionnels. 

Dans  le  calcul  effectuc.  le  cout  des  manoeuvres  de  phasage 
dcs  satellites  (affeclant  I’anomalie)  a  ete  neglige.  11  est  bien 
comm  qu  il  est  possible  d'obtenir  Ic  phasage  desire  en 
leaiisanl  une  liigcre  modification  du  dcmi  grand  axe  de 
lorhite,  playant  ainsi  le  satellite  sur  une  orbitc  de  derive. 
Une  seconde  manoeuvre,  faile  en  sens  inverse  de  la 
premiere,  permet  dc  rc-stabiliscr  le  satellite  une  fois  le 
dephasage  souhaite  oblenu.  Le  cout  de  celle  manoeuvre 
depend  bien  entendu  dc  la  durce  lolercc  pour  I'obtention  du 
phasage.  i.es  premieres  evaluations  rc'aiisces  ont  montre 
qu'un  dclai  de  24  heures  permet  dc  rendre  le  cout  du 
phasage  ncgligeable  vis  a  vis  du  cout  des  autres 
manoeuvres,  e'est  pourquoi  ce  cout  n  a  pas  etc  pris  en 
compte  par  la  suite, 

Apres  avoir  teste  les  deux  scenarios  de  maintien  a  poste 
evoques  prcccdcttunent,  il  s'avere  logiquement  que  Ic 
second  est  Ic  plus  economique.  Dc  plus,  t  est  cclui  qui 
a.ssure  la  meilleure  repartition  des  masses  d'crgols 
consommees  par  les  trois  satellites. 

Le  cout  total  du  maintien  a  posle  a  ete  evalue  en  realisant 
une  simulation  complete  sur  7  ans.  Les  resullats  obtenus 
figureni  dans  le  tableau  de  la  figure  10. 

On  constate  que  le  cout  dc  maintien  a  poste  s'avere 
rclativcmcnl  plus  cleve  que  celui  dun  s.alellite 
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gcostationnaire  (85  m/s/an  contre  50  pour  uii 
geostationnaire).  Cc  cout  resie  neanmoins  tolerable,  11 
conviendra  dc  verifier  s'il  nest  pas  possible,  par  un  choix 
adequat  de  la  position  dcs  nocuds  ascendants  initiaux.  dc 
limiter  le  niveau  des  perturbations  differcntieltes  affectant 
les  plans  d'orbite  et  de  reduire  ainsi  le  cout  global  de 
maintien  a  poste. 


Satellite 

1 

2 

3 

CoOt  annuel 
(m/s) 

85 

85 

78 

Cout  total 
(m/s) 

592 

592 

546 

Masse  totale  d'ergols 
(%  masse  finale) 

22 

22 

20 

Figure  10;  Cout  du  maintien  a  poste  sur  7  ans 
7.  CONCLUSION 

Le  but  de  Ictude  presentee  dans  cet  article  etait  dc  realiser 
une  analyse  de  la  faisabilite  d  un  systemc  de  navigation 
fonctionnant  suivant  le  principe  du  systemc  OPS  et  assurant 
une  couverture  permanente  de  I'Europe  et  de  I'Afrique  a 
I'aide  de  4  satellites  seulement  dont  un  geostationnaire. 


econoniie  mtxleste  (8'^  cn  masse). 

Dans  le  cas  oil  les  satellites  sont  iniectes  sur  OTO 
individucllement.  Ic  cout  du  transtert  est  tres  voisin  dc  celui 
d  un  satellite  geostioniiau'c.  Une  telle  procedure  dc  mise  a 
poste  est  cependani  delicate  car  elk  impose  I  heurc  dc  tir 
des  deux  derniers  satellites  lances. 

L'etude  du  maintien  it  paste  a  necessitc  dans  un  premier 
temps  d'analyser  revolution  de  la  couverture  du  service  de 
navigation  sous  rinflucncc  des  perturbations  naturelles. 
Cette  analyse  a  permis  dc  montrer  qu  un  mamiicn  a  poste 
rclativcment  frequent  s  impose  (toutes  le  8  semames 
environ)  pour  assurer  •’  permanence  dune  couverture 
con  Venable. 

Le  cout  des  manoeuvres  de  maintien  a  poste  necessaire  a 
ensuite  ete  evalue  sur  la  base  dune  durec  de  vie  des 
satellites  dc  7  ans.  Cette  premiere  analyse  semblc  indiquer 
que  le  cout  annuel  dcs  manoeuvres  s'elcve  a  environ  85  mJs 
(contre  50  m/s  pour  un  satellite  geostationnaire). 

Pour  parachever  I'analysc  dc  mission  d  un  tcl  systemc.  II 
conviendra  dcsormais  de  verifier  s'il  est  possible  dc  kxialiscr 
dc  tels  satellites  avec  une  precision  suffisantc  pour  foumir 
une  precision  de  navigation  acceptable. 


Les  parametres  orbitaux  initiaux  de  cette  constellation  sont 
issus  d  une  etude  anterieurel^l  consacrce  a  la  recherche  dc 
constellations  a  faible  nombre  de  satellites.  La  constellation 
presentee  ici  presente  plusieurs  caracteristiques 
interessantes; 

-  tres  faible  nombre  de  satellites  (4  satellites  e.st  le 
minimum  requis  pour  assurer  un  service  de 
navigation  du  type  UPS), 

-  tous  les  satellites  sont  visibles  en  permanence  de 
la  meme  station  de  controle;  il  est  ainsi  possible 
utiliser  les  satellites  comme  de  simples  rcpetcurs 
d  un  message  de  navigation  elabore  au  sol. 

-  orbites  rclativement  ‘'classiques  '. 

L'etude  de  faisabilite  presentee  ici  s'est  surtout  attachee  a 
analyser  les  problemes  poses  par  la  mise  et  Ic  maintien  ii 
poste  d'une  telle  constellation. 

L'etude  dc  la  raise  a  poste  a  etc  faite  en  considcrant  diverses 
solutions; 

-  lancemcnt  individucl  de  chaque  satellite,  ou  lan- 
cement  couple  des  3  satellites  non  geostationnaires. 

-  injection  preliminaire  sur  une  orbile  GTO  standard 
(Geostationary  Fransfer  Orbit)  delivree  par  un  lan- 
ceur  lAriane,  ou  injection  sur  une  orbite  dediec  a  la 
mise  a  poste  de  ces  satellites  de  navigation. 

II  est  apparu  que  I’orbite  GTO  standard  /Vriane  constitue  un 
tres  bon  choix  pour  I'orbite  d'injection,  surtout  si  les  3 
satellites  non  geostationnaires  sont  mis  a  poste  a  I'aide  d  un 
lanceur  unique.  Dans  cc  cas.  le  cout  dc  chaque  transfcrl  nc 
depasse  pas  2160  m/s  cn  vitesse  caracteristiquc.  II  est 
cependant  beaucoup  plus  elcve  que  celui  dun  satellite 
geostationnaire  (1500  m/s).  L'orbite  d'injection  qui  permet 
de  minimiser  la  consommation  d'ergols  dcs  transferts  de 
mise  a  poste  finale  differe  peu  de  la  GTO;  eile  conduit  a  une 
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Discussion 

Question:  Please  provide  the  definition  of  TACSAT 
as  intended  in  the  paper  presentation. 

Reply;  TACSAT  is  understood  to  be  a  theater  satellite, 
that  is  to  say,  a  system  available  where  you  want 
and  when  you  want.  This  leads  to  consequences  not 
only  on  the  space  platform  but  also  on  the  ground 
support  equipment. 
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This  paper  is  divided  in  three  parts  corresponding  to  the 
following  items; 

-  air  command  and  control  functions  and  defflciencies, 

-  contribution  of  TAGS  ATS  to  air  command  and 
control, 

-  operational  improvements  due  to  TACSATS. 


1.  AIR  COMMAND  AND  CONTROL 
FUNCTIONS  AND  DEFFICIENCIES 

Au  command  and  control  functions  arc  divided  in  four 
themes: 

-  surveillance, 

-  resources  management, 

-  atr  activity  control, 

•  intelligence. 

1.1  Surveillance 

Surveillance  includes  the  generation  and  dissemination 
of  the  Recognized  Air  Picture  (RAP).  Three  key  issues 
are  linked  to  this  function,  the  detection  of  low  obser¬ 
vables  and  low  flying  objects,  the  ballistic  missiles 
problem  and  the  adverse  satellites  tracking. 

a.  Detection  of  low  observable,  low  flving  object 

The  current  solution  to  detect  low  flyers  is  to  use  the 
contribution  of  radars  on  aircraft  (AWACS).  This  type 
of  platform  may  maintain  its  position  during  about 
eight  hours,  and  you  need  four  to  five  of  them  to 
maintain  a  round  the  clock  surveillance  capability. 

The  detection  of  low  observables  objects  is  solved  by 
developing  a  sensing  net,  using  different  frequency  range 
capability  (visual,  acoustic,  infrared  or  electromagnetic) 
and  different  angle  of  presentation  versus  the  possible 
target.  This  leads  to  a  costly  multiplication  of  sensors 
that  must  be  in  position  on  every  possible  penetration 
corridor. 

b.  Ballistic  missiles 

This  new  threat  has  to  be  included  in  the  RAP.  In  order 
to  do  so,  we  have  to  detect  the  missiles  in  flight  as  soon 
as  possible  and  track  them  during  their  night 
A  ground  system  like  the  PATRIOT  has  a  limited 
detection  capability  coherent  with  the  interceptor 
guidance. 

A  current  satellite  like  DSP  (Defence  Support  Program) 
was  designed  to  detect  a  long  range  ballistic  missile 
coming  from  a  well  known  area.  It  has  limited  capa¬ 
bility  against  a  short  range  ballistic  missile  coming 
from  a  country  involved  with  missile  proliferation. 


c.  Adverse  satellites 

A  theater  commander  has  to  know  the  locauon  and 
coverage  of  the  adverse  c^servaiion  satellites. 

Today  this  function  is  performed  by  the  Air  Force  and 
Ihe  satellites  tracks  are  not  included  in  the  RAP,  because 
this  information  is  considered  as  a  basis  for  threat 
evaluation  or  intelligence. 

There  is  a  requirement  for  the  European  countries  to  be 
able  to  fulfill  this  function  with  independent  means. 


1.2  Resources  management 

Resources  management  is  divided  m  three  themes: 

-  force  management, 

-  airspace  management, 

-  C2  resources  management. 

a.  Force  management 

Force  management  includes  the  knowledge  of  our  own 
forces  state,  the  planning  and  tasking  of  air  operations. 
The  key  issues  about  this  function  arc  the  interfaces 
with  a  multitude  of  other  systems,  the  Air  Task  Order 
(ATO)  preparation  and  dissemination  and  the  weather 
forecasting. 

In  order  to  plan  the  air  operations,  a  theater  commander 
has  to  gather  a  multitude  of  informations  coming  from 
different  systems  like: 

-  the  ennemy  Order  Of  Battle  (ODB)  generated  by 
intelligence  system, 

-  his  own  forces  slate  generated  by  Army,  Navy  and  Air 
Force  systems... 

This  leads  to  a  requirement  of  connection  with  a 
multitude  of  other  systems  and  the  correct  interpretation 
of  the  data  collected  by  these  systems. 

Once  this  process  has  been  performed,  the  Theater 
commander  has  to  elaborate  and  disseminate  the  ATO  to 
all  the  relevant  units.  These  units  arc  scattered  on  the 
Theater  and  may  be  connected  by  National  means  or 
Allied  systems. 

The  planning  function  supposes  for  all  the  military 
operations  that  you  arc  able  to  forecast  the  ennemy 
operations,  your  own  operations  and  the  weather.  For 
this  purpose  you  need  adequate  informations  on  the 
weather  on  the  Theater  and  also  outside  the  Theater. 


11-2 


b.  Airspace  manapeniem 

All  the  air  operations  use  a  common  mean  that  must  be 
shared,  it  is  the  airspace.  In  order  to  do  so  you  must  be 
able  to  collect  all  the  requirements  in  airspace  coming 
from  the  different  units  {Air  Space  Request)  and  disse¬ 
minate  the  Airspace  Coordination  Order  (ACO)  to  all 
the  relevant  umts. 

This  airspace  planning  is  coordinated  with  the  ATO 
planning  and  distributed  three  to  four  times  a  day  to  the 
units,  this  represent  a  hudge  amount  of  messages  spread 
all  over  the  Theater. 

c.  C2  resources  management 

The  air  operations  are  performed  using  operators, 
ground-air-ground  communication  nets,  consoles... 

All  these  C2  resources  must  be  allocated  according  to 
the  current  ATO  corresponding  to  the  Air  Directives. 
This  supposes  a  hudge  information  exchange  between 
the  different  C2  entities.  The  process  of  these  informa¬ 
tions,  and  the  planning  of  the  best  C2  resources 
allocation  according  to  the  Air  Directives. 


1.3  Air  activity  control 

Air  activity  control  is  divided  in  two  functions: 

-  air  traffic  control, 

-  air  mission  control, 
a.  Air  traffic  control 

Air  traffic  conuol  supposes  first  a  flight  regulation,  that 
is  to  say  an  allocation  of  the  corresponding  airspace  and 
C2  resources  to  the  traffic  requests.  This  supposes  the 
collection  of  all  the  flight  requests,  the  process  of 
allocation  in  coordination  with  the  auspacc  management 
function  and  the  dissemination  of  the  flight  auiorisa- 
tions  to  the  relevant  units. 

In  additiei.,  "a'T.c  crntrol  is  in  charge  of  ocarch  And 
Rescue  (SAR)  operations,  mainly  based  on  the  accurate 
location  of  the  friendly  crews. 

Once  an  air  operation  has  been  planned  according  to  the 
ATO,  this  operation  has  to  be  controlled  by  air  mission 
controllers,  this  supposes  a  good  coordination  between 
force  management  and  air  mission  control  function,  that 
is  to  say  a  hudge  amount  of  information  exchange. 

There  is  also  an  issue  linked  with  radioelectric  propaga¬ 
tion  phenomena,  it  is  control  of  low  flying  aircrafts. 
This  supposes  a  hudge  amount  of  antennae  wide  spread 
along  the  theater  to  offer  the  communication  mean.s  to 
air  mission  controllers. 

Once  a  mission  has  been  performed,  the  mission  report 
must  be  prepared  at  the  unit  level  and  disseminated  to 
the  relevant  operation  centers  for  intelligence  gathering 
and  force  managciuent  planning  function. 


1.4  Intelligence 

Intelligence  function  is  in  charge  of  ennemy  ODB 
assessment  and  forecasting  and  damage  assessment.  This 
supposes  the  gathering  of  all  types  of  information; 
visual,  electromagnetic  ....  the  fusion  of  these  different 
informations  and  the  dissemination  of  the  relevant 
information  to  operating  centers  or  units  spread  all 
along  the  Theater. 


2.  CONTRIBUTION  OF  TACSATS  TO  AIR 
COMMAND  AND  CONTROL 

2.1  Surveillance 

For  surveillance  function,  TACSATS  may  provide 
queuing  to  the  current  sensor  net  by  different  means. 
First  ELINT  or  COMINT  satellites  may  provide  infor¬ 
mations  on  ennemy  airbases  activity  and  trigger  the 
AW  ACS  take-off. 

If  these  informations  arc  not  available,  radars  or  elccuo- 
optics  satellites  may  provide  ennemy  raids  early  detcc- 
uon  in  order  to  alert  the  Theater  sensor  net  and  activate 
the  relevant  .sensors. 

For  the  special  case  of  ballistic  missiles,  launchers 
detection  may  be  provided  through  radars  or  electro- 
optics  satellites.  Missile  launch  preparation  may  be 
detected  through  the  use  of  ELINT  or  COMINT 
satellites  picking-up  the  corresponding  electromagnetic 
signals.  In  last  rcssort,  missile  launch  detection  may  be 
detected  by  infrared  satellites  picking-up  the  plumes  of 
the  incoming  missiles. 

2.2  Resources  management 

For  resource  management,  meteorological  satellites  may 
provide  the  relevant  information  in  order  to  process  the 
24  to  48  hours  forecasting  neccs.sary  for  the  planning  of 
air  operations. 

Broadcasting  TACSATS  are  a  good  mean  to  disseminate 
the  ATO  message  (force  management)  and  the  ACO 
(airspace  management)  to  all  the  units  widespread  on  the 
Theater. 

Ground-to-ground  TACSATS  are  a  good  mean  to  solve 
the  operational  requirements  of: 

-  other  systems  daubase  interrogation  (force  manage¬ 
ment), 

-  Airspace  Control  Means  requirements  diffusion  (air¬ 
space  management). 

-  C2  assets  availability  (C2  rc.sourccs  management). 

The  technical  involved  consideration  arc  the  quantity  of 
information  exchange  and  the  widespread  on  the  Theater 
of  the  different  units  involved  in  these  functions. 

2.3  Air  activity  control 

Navigation  TACSATS  (signal  location  type)  is  the 
most  efficient  solution  for  aircraft  localization,  which  is 
the  major  defficiency  of  search  and  rescue  operatitms. 
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Ground-air-ground  communication  TACSATS  is  a  good 
mean  to  solve  the  operational  requirement  of  close 
control  of  low  tlyers,  that  is  mandatory  to  allow  an 
active  control  of  low  Hying  aircraft  included  in  air 
mission  control  function. 

Ground-to-ground  communication  TACSATS  may 
solve  the  operatiraial  requirements  of; 

-  night  plans  dissemination  (air  traffic  control), 

-  immediate  airspace  control  means  availability  (air 
traffic  control), 

-  rapid  reallocation  of  planned  missions  (air  mission 
control), 

rapid  attack  assessment  (air  mission  control). 

2.4  Intelligence 

Ground-to-ground  communication  TACSATS  arc  a  good 
mean  to  solve  the  operational  requirement  of  timely 
diffusion  of  filtered  information  to  the  relevant  unit  or 
operation  centers  in  the  Theater. 

ELINf  and  COMINT  TACSATS  arc  the  primary 
.sensors  to  provide  the  ennemy  ODB  for  SAM.  radars, 
airbases,  PLOT  location  and  activity. 

Radars  or  electro-optics  TACSATS  arc  a  compicmcn- 
lary  platforms  to  solve  the  operational  requirements  of: 

-  ennemy  ODB  assessment, 

-  bomb  damage  assessment, 

-  air  campaign  results  evaluation. 

3.  OPERATIONAL  IMPROVEMENTS 
DOE  TO  TACSATS 

3.1  Surveillance 

TACSATS  give  the  opportunity  to  implement  a  global 
extended  air  defence  capability  based  on: 

acuve  defence, 

-  passive  defence, 

-  counierlirc. 

Active  defence  is  alerted  through  the  alert  function 
derived  from  surveillance  and  threat  evaluation,  queued 
by  the  inflight  missile  track  and  controlled  through  the 
interception  area  prediction.  All  these  functions  may  be 
performed  by  dedicated  TACSATS  which  performances 
are  refined  according  to  the  Theater  ballistic  threat. 
Passive  defence  is  alerted  through  the  surveillance 
function  and  controlled  through  the  impact  area  predic¬ 
tion.  TTiis  control  is  mandatory  in  order  to  implement 
pa.ssive  measures  on  limited  area  locations  and  during  a 
limited  time  related  with  the  impact  time  prediction. 
Counterfirc  is  alerted  through  the  surveillance  function 
and  the  weapon  system  queuing  is  performed  through 
the  launch  zone  determination.  The  adequate  launch  zone 
determination  suppo.ses  dedicated  TACSATS  which 
performances  arc  finely  tuned  according  to  the  Theater 
ballistic  threat  characteristics. 

3.2  Force  management 

Force  management  process  is  a  complex  and  Icnghtiy 
process  going  from  "general  objectives"  to  "Air  Task" 
and  "Flight  documentation"  production. 


The  process  that  leads  from  general  objectives  to  the 
ATO  is  performed  in  an  operation  center  using  modem 
means  like  artificial  intelligence  and  knowledged  based 
systems.  Once  the  ATO  has  been  elaborated  it  must  be 
disseminated  to  the  different  units  in  the  Theater.  This 
requires  a  hudge  exchange  of  information  between 
operations  centers  and  units.  Communication 
TACSATS  is  a  good  mean  to  perform  this  information 
exchange. 

With  the  ATO.  the  pilots  in  the  units  are  able  to 
perform  the  target  attack  preparation  while  the  operauon 
officers  in  the  operation  centers  may  perform  the  global 
mission  preparation  (deconfliction,  (light  routes  ..,). 
Once  the  global  mission  preparation  has  been  performed 
the  pilots  in  the  units  may  process  the  detailed  mission 
preparation  and  issue  the  flight  documents. 

They  are  ready  to  take-off  as  soon  as  they  receive  the  air 
task  from  the  operation  center. 

This  short  comment  about  force  management  shows 
that  by  using  adequate  communication  means  and 
adequate  intelligent  process,  we  may  reduce  the  global 
time  required  by  the  function.  Communication 
TACSATS  may  provide  adequate  means  to  reduce  the 
timelines  involved  in  this  process  and  drive  changes  in 
operational  procedures. 

3.3  Airspace  management 
The  ACO  is  a  complex  mc.ssagc  that  defines  the  diffe¬ 
rent  areas  in  the  airspace.  This  message  includes  air 
routes,  dansit  corridors,  low  level  U'ansit  routes,  weapon 
free  zones,  air  base  defence  zones,  restricted  operations 
zones,  high  density  airspace  control  zone  ... 

It  is  a  Icnghtiy  process  to  elaborate  this  message  and  to 
dis.scminate  it  to  the  relevant  unius.  Today  this  message 
is  distributed  every  six  to  eight  hours  and  valid  for  the 
.same  period.  The  consequence  is  that  the  Army  by 
example  has  a  dedicated  airspace  available  for  a  six  hours 
period  to  perform  its  operations.  This  has  been  a 
problem  in  the  Gulf  War  where  the  French  Army  had  a 
radar  on  a  helicopter  (HORIZON)  that  could  not  be  used 
with  its  bc.sl  performance  because  of  the  limited  fiight 
altitude. 

TACSATS  could  provide  technical  means  that  may 
introduce  new  operational  procedures  like  dynamic 
allocation  of  the  airspace. 

4.  CONCLUSION 

This  short  analysis  has  shov/n  that  communication 
TACSATS  arc  needed  to  perform  all  the  air  mission 
command  and  control  functions. 

Different  types  of  communication  TACSATS  are 
required; 

-  broadcasting. 

-  bidirectional. 

-  ground-to-ground, 

-  ground-to-air. 

The  development  of  TACSATS  may  change  the  current 
military  procedures  (especially  the  timelines  for  ATO  or 
ACO). 
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TACTICAL  SATELLITES  FOR  AIR  COMMAND  AND  CONTROL 


AIR  COMMAND  AND  CONTROL  SYSTEM  FUNCTIONS  (1) 

AIR  COMMAND  AND  CONTROL  SYSTEM  FUNCTIONS  (2) 
TACSATS  FOR  SURVEILLANCE 
TACSATSFORRESSOURCES  MANAGEMENT 
TACSATS  FOR  Al  R  ACTIVITY  CONTROL 
TACSATS  FOR  INTELLIGENCE 

OPERATIONAL  IMPROVEMENTS  FOR  SURVEILLANCE 
OPERATIONAL  IMPROVEMENTS  FOR  FORCE  MANAGEMENT 
OPERATIONAL  IMPROVEMENTS  FOR  AIRSPACE  MANAGEMENT 
CONCLUSION 


VU-GRAPHO 


AIR  COMMAND  AND  CONTROL  SYSTEM  FUNCTIONS  (1) 


FUNCTIONS 

KEY  ISSUES 

AIRSPACE  SURVEILLANCE 

LOW  OBSERVABLES.  LOW  FLYING  OBJECTS 

BALLISTIC  MISSILES 

ADVERSE  SATELLITES 

FORCE  MANAGEMENT 

INTERFACEWITHTHEOTHERSYSTEMS  (INTELLIGENCE, 
ELECTRONIC  WARFARE ...) 

'  i 

AIRTASK ORDER  PREPARATION  AND  DISSEMINATION 

WEATHER  FORECASTI NG 

AIRSPACE  MANAGEMENT 

1 

-REAL TIMP  ALLOCATION  OF  THE  AIRSPACE 

‘AVAILABLP  AIRSPACE  DISSEMINATION 

C2RESSOURCES  MANAGEMENT 

1 

INFORMATION  EXCHANGE  WITH  C2  ENTITIES  j 
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AIR  COMMAND  AND  CONTROL  SYSTEM  FUNCTIONS  (2) 


FUNCTIONS 


KEYISSUES 


AIR  TRAFFIC  CONTROL 


AIR  MISSION  CONTROL 


I  FUGHTS  REGULATION 
COORDINATION  WITH  AiKSPACE  MANAGEMENT 
SEARCH  AND  RESCUE  OPERATIONS 

I  INTERFACEWITH  FORCE  MANAGEMENT 

! 

i  ACTIVE  CONTROL  OF  LOW  FLYING  AIRCRAFTS 

I 

i  MISSION  REPORT  PREPARATION  AND  DISSEMINATION 


! 

I 

I  INTELUGENGE 


I  ENNEMY ORDER  OF  BATTLE  ASSESSMENT 
;  DAMAGE  ASSESSMENT 

i  DISSEMINATION  OF  THE  RELEVANT  INFORMATION 
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TACSATS  FOR  SURVEILLANCE 


DEFRCIENCIES 


OPERATIONAL  REQU IREM  ENTS 


TACSATS  TYPE 


LOW  OBSERVABLES, 
LOW  FLYING  OBJECTS 


AIRBASESACTIVATION 
RAIDS  EARLY  DETECTION 


ELINT  AND  COMINT 
RADARS  OR  ELECTRO-OPTICS 


BAUJSTIC  MISSILES 


LAUNCHERS  DETECTION 
MISSILE  LAUNCH  PREPARATION 
MISSILE  LAUNCH  DETECTION 


RADARS  OR  ELECTRO-OPTICS 
ELINT  AND  COMINT 
INFRARED  DETECTION 


ADVERSE  SATELLITES 


COMMUNICATION  SATELLITES 
POSITION 

OBSERVATION  SATELUTES 
COVERAGE 
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TACSATS  FOR  RESOURCES  MANAGEMENT 

's _ _ _ 


1  DEFFrCIENCIES 

OPERATIONAL  REQUIREMENTS 

TACSATS TYPE 

IMTERFACE  WITH  THE  OTHER  SYSTEMS 

OTHER  SYSTEMS  DATABASE 
INTERROGATION 

GROUND  TO  GROUND 
COMMUNICATION 

AIRTASK  ORDER  PREPARATION 

AND  DISSEMINATION 

ATO  MESSAGES  DISSEMINATION 

BROADCASTING 

i 

WEATHER  FORECASTING 

24 TO  48  HOURS  FORECASTING 

i 

METEOROLOGICAL 

•REALTIME*  ALLOCATION 

OFTHE  AIRSPACE 

AIRSPACE  CONTROL  MEANS 
REQUIREMENTS 

GROUND  TO  GROUND  1 
COMMUNICATION 

! 

I'AVAILABLE*  AIRSPACE  DISSEMINATION 

; 

AIRSPACE  CONTROL  ORDER 
DISSEMINATION 

BROADCASTING 

INFORMATION  EXCHANGE 

WITH  C2  ENTITIES 

C2ASSETSAVAILABILiry 

GROUND  TO  GROUND 
COMMUNICATION 
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TACSATS  FOR  AIR  ACTIVITY  CONTROL 


1  DEFRCIENCIES 

OPERATIONAL  REQUIREMENTS 

TACSATS  TYPE 

i 

FLIGHTS  REGULATION 

FLIGHT  PLANS  DISSEMINATION 

; 

GROUND  TO  GROUND 
COMMUNICATION 

COORDINATION  WITH 

AIRSPACE  MANAGEMENT 

IMMEDIATE  AIRSPACE  CONTROL 
MEANS  AVAILABILITY 

GROUND  TO  GROUND 
COMMUNICATION 

SEARCH  AND  RESCUE  OPERATIONS 

AIRCRAFT  LOCALIZATION 

NAVIGATION 

INTERFACE  WITH 

FORCE MANAGEMENT 

RAPID  REALOCATION  OF 

PLANNED  MISSIONS 

GROUND  TO  GROUND 
COMMUNICATION 

ACTIVE  CONTROL  OF 

LOW  FLYING  AIRCRAFTS 

CLOSE CONTROL OF 

LOW  FLYERS 

GROUND/AIR/GROUND 

COMMUNICATION 

MISSION  REPORT  PREPARATION 
AND  DISSEMINATION 

RAPID  AIRATTACK  ASSESSMENT 

GROUNDTO  GROUND 
COMMUNICATION 
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TACSATS  FOR  INTELLIGENCE 


DEFFICIENCIES 

1  I 

OPERATIONALREQUIREMENTS  i  TACSATSTYPE 

1  . 1 

ENNEMY ORDER  OF  BATTLE 
ASSESSMENT 

{  ELINT  AND  COMINT 

SAM.  RADARS.  AIRBASES.  FLOT  ! 

LOCATION  AND  ACTIVITY  1 

! 

j  RADARSOR  ELECTRO-OPTICS  i 

i  . i 

DAMAGEASSESSMENT 

i  j 

BOMB  DAMAGE  ASSESSMENT  | 

i  RADARSOR  ELECTRO-OPTICS 
AIR  CAMPAIGN  RESULTS  j 

EVALUATION  { 

DISSEMINATION  OF  THE 
RELEVANTINFORMATION 

TIMELY  DIFFUSION  OF  GROUND  TO  GROUND 

FILTERED  INFORMATION  COMMUNICATION 

1 

i  i 

! 

>  I 

VU-GRAPH6 


OPERATIONAL  IMPROVEMENTS  FOR  SURVEILLANCE 
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I  ALEHT 


I  LAUNCH ZONE  I 
DETERMINATION  I 


I  REAL  EXTENDEOAIR  DEFENCE  CAPABILITY 
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OPERATIONAL  IMPROVEMENTS  FOR  FORCE  MANAGEMENT 


GENERAL 

OBJECTIVES 
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DIRECTIVE 


I  ALUEO 
■  AIR-FORCES 
i  ALLOCATION 


AIR  TASK 
ORDER 


OPERATIONAL  IMPROVEMENTS  FOR  AIRSPACE  MANAGEMENT 


AIR  ROUTES 
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CORRIDOR 


RESTRICTED 
OPERATIONS  ZONES 


WEAPON  FREE 
ZONE 


LOW  LEVEL 
TRANSIT  ROUTE 


BASE  DEFENSE 
ZONE 


HIGH  DENSITY  AIRSPACE 
CONTROL ZONE 


WEAPON  FREE 
ZONE 


I  DYNAMIC  ALLOCATION  OF  THE  AIRSPACE  ! 


VU-ORAPH9 


1-9 


CONCLUSION 


COMMUNICATION  TACSATS  ARE  NEEDED  FOR  ALL  THE  AIR  COMMAND  AND  CONTROL  FUNCTIONS 


DIFFERENTTYPES  OF  COMMUNICATION  ARE  REQUIRED  ;  BIDIRECTIONAL 

BROADCASTING 
GROUNDTO  GROUND 
GROUND  TO  AIR 


DEVELOPPEMENT  OF  TACSATS  MAY  CHANGE  THE  CURRENT  MILITARY  PROCEDURES 
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CONSIDERATIONS  FOR  NATO  SATELLITE  COMMUNICATIONS 
IN  THE  POST-2000  ERA 
by 

A.  Neja<  Ince 

Marmara  Scientific  and  Indusinal 
Research  Center 
P.O.  Box  21 
41470  Gebze-Kocaeli 
Turkey 


i.The  National  De’egates  Board  of  AGAHD,  upon 
recommendation  by  ti;e  Avionics  Panel  of  AGARD,  approved  m 
March  1986  the  establishment  of  WG-13  to  study  satellite 
communications  for  NATO  under  the  direction  of  Prof  Dr  Nejat 
Ince  of  Turkey, 

2. Some  1A  scientists/engineers,  from  research  and  industrial 
establishments  of  Canada.  France,  The  Federal  Republic  of 
Germany,  Norway,  Turkey,  the  United  Kingdom,  the  United 
States  of  America  as  well  as  from  International  Military  Staff  of 
NATO  and  SHAPE  Technical  Centre,  participated  in  the  work  of 
WG-13. 

3. This  paper  is  a  brief  summary 

of  the  studies  carried  out  by  the  group  m  the 
period  1988-1990  on  the  type  of  satellite  communication 
systems  which  NATO  can  have  in  the  post-2000  era  including 
the  critical  techniques  and  technologies  that  need  to  be 
developed  for  this  purpose 

4. In  accordance  with  the  Terms  of  Reference ,  the  Group 
considered,  a  time  period  beyond  NATO  IV  and  other  national 
systems  now  in  the  implementation  or  planning  stage,  which 
would  cover  a  time  span  of  20-30  years,  i.e.  2000-2030.  It  was 
recognized  that  the  earlier  part  of  this  period  would  be 
constrained  by  the  existing  and  planned  assets  but  the  later 
part  would  be.  and  should  bo.  more  technology-driven.  The 
following  assumptions  are  made  which  take  into  account 
perceived  trends  and  desirable  attributes  for  future  SATCOM 
systems; 

i)  The  area  of  interest  for  NATO  will  remain  as  is  to-day  and 
will  include  the  polar  region 

ii)  The  use  of  SATCOM  will  bo  more  pervasive  particularly 
for  small  mobile  users  (aircraft,  land-mobile,  ships  and 
submerged  submarines)  to  support  general  purpose  and 
modern  C3I  structures. 

iii)  SATCOM  will  be  integrated  with  the  future  ISDN  networks 
now  being  planned  and  implemented  in  the  nations  and 
NATO.  This  may  require  SATCOM  to  have  improved 
effective  performance  with  respect  to  such  parameters  as 
delay  and  echo. 

iv) The  need  for  increased  survivability  against  both  physical 
and  jamming  threat  will  continue. 

v) The  use  of  frequencies  in  the  EHF  and  optical  bands  for 
greater  capability  (e.g.  AJ  capability  and  communications 
with  submerged  submarines)  and  smaller  terminals  are 
foreseen. 

vi) The  future  SATCOM  systems  will  be  required  to  be 
cheaper  and  more  affordable. 

vll)  There  will  be  the  usual  need  for  interoperability. 


S.The  Group  agreed  that  the  above  attributes  could  be  taken  as 
inputs  and  goals  for  the  system  architectures  to  be  developed 
for  a  future  NATO  SATCOM.  In  fact,  these  attributes  were 
derived  from  the  deficiencies  of  the  present  system  which  is 
not  flexible  enough  with  respect  to  growth  in  capacity  and 
capability,  and  has  a  high  degree  of  electronic  and  physical 


vulnerability  and  does  not  provide  communications  lot  me 
polar  region  and  submerged  submarines  The  system 
development  in  the  past  has  been  based  on  successive 
discrete  steps  in  capability  and  spending  and  each 
procurement  has  contained  an  important  cost  element  ol  RSO 
There  has  been  a  minimum  ot  jomi  national  R&O  and  use  o* 
the  NATO  system  which  resulted,  among  other  things  m 
considerable  interoperability  problems 

It  was  agreed  that  what  was  required  for  the  comtng  decades 
which  may  be  charactetizerJ  by  "uncerlarnty"  and  "shrinking 
military  budgets'  was  a  very  flexible,  modular  SATCOM  system 
whose  communication  capacity  and  resilience  to  ECM  and 
physical  threat  can  be  modified  when  operational  requirements 
change,  however,  without  having  to  undertake  excessive  R&D 
and  total  replacement  of  the  space  segment 

6  For  the  development  of  system  architectures  to  achieve 
Ilexible  and  highly  cost-effective  SATCOM  options  for  NATO,  a 
technical  survey  has  been  made  and  information  collected  on 
the  satellite  system  concepts  being  considered  nationally 
(Canada,  France.  FRG,  UK  and  USA)  and  internationally  (ESA. 
Intelsat,  Eutelsat.  INMARSAT)  tor  both  civil  and  military 
applications  as  well  as  on  related  technological  R&O  activities 
and  operational  aspects  regarding  threat  and  environmental 
factors  such  as  propagation  and  the  usage  of  frequency 
spectrum. 

7  The  status  of  the  following  techniques/technologies  and 
concepts  which  appear  feasible  and  exploitable  by  future 
SATCOM  systems  and  which  are  consequently  being 
investigated  nationally  and  internationally  have  been  described 
in  the  report: 

I)  multi-beam/phased-array  antennas  with  adaptive  spatial 
nulling  and  multiple  transmit  spot  beams, 

ii)  ECCM  techniques, 

iii)  flexible  and  programmable  on-board  signal  processing 
and  switching  techniques  and  devices. 

iv)  multi-frequency  payloads. 

v)  multi-satellite  systems  to  create  spatial  uncertainty  for  the 
enemy. 

vi)  use  of  tethers  in  space, 

vii)  laser  and  millimetre-wave  communications  for 
inter-sateillte  links, 

viii)  blue-green  lasercom  for  submerged  submarines, 

ix)  application  ot  superconductivity,  artificial  intelligence, 
neural  networks,  robotics  and  of  space-borne 
computers/software  for  signal  processing  and  for  manual 
and  autonomous  control  of  spatial  and  terrestrial 
resources, 

x) power  generation  In  space. 

xi)  spacecraft  propulsion  systems, 

xii)  launch  vehicles  and  space  transportations, 

xiii)  nuclear  effects  and  hardening  techniques. 
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xivjphysical  attack  and  prntecltve  freast-res  against  directed 
energy  beams  (laser,  particle.  RF)  and  ASAT  etc  . 

xv)sensitive,  light,  long-IKe  materials,  components  and 
devices  (or  sensing,  power  generation.  ampMication  and 
control 

8  The  speed  ot  progress  made  in  the  above  areas  wH  be 
determined  mainly  by  the  urgency  ot  the  need  lor,  and  the 
amount  of  resources  allocated  to,  them  These  technologies 
and  new  production  methods  coupled  with  basically 
software-controlled  processing  transponders  with  a  capability 
to  continuously  adapt  to  changing  requirements  are  expected 
to  lead  to  more  flexible  and  reliable,  lighter  and  less-power 
consuming  and  altogether  more  cost-effective  satellites  than 
the  present  ones.  Moreover  these  satellites  can  be  launched  by 
a  number  of  different  launch  vehicles  Further  reduction  m  cost 
may  be  obtained  by  sharing  the  satellites  (single  an/or  cluster) 
between  NATO  and  the  Member  (Countries. 

g.tt  can  be  stated  generally  and  with  confidence  that  in  the  time 
period  in  question  it  will  be  possible  to  design  and  build  any 
satillite  to  meet  almost  any  requirement.  Technology  exists  or 
will  be  available  for  whatever  communications  performance 
and  level  of  hardening  is  required  as  well  as  launch  vehicles 
with  capability  to  place  the  resulting  satellite  of  whatever 
weight  and  power  into  any  required  orbit.  The  constraints  wiil 
be  the  availability  of  orbital  slots,  frequency  spectrum  and.  of 
course,  funds. 

lO.The  cost  considerations  have  therefore  been  the  driving  factor 
for  the  systems  reported  here.  When  assessing  different 
concepts  for  satellite  designs  and  system  architecture  what  is 
importanat  is  not  so  much  their  absolute  but  rather  their 
relative  costs.  Accordingly  a  cost  model  of  the  satellite  system 
has  been  established  which  takes  into  account: 

•  frequency  band  used  (SHF,  6HF) . 

•  number  of  transponders, 

-  spacecraft  reliability. 

-  n&Ocost, 

-  power  required, 

-  weight. 

-  launch  cost, 

-  recurring  cost, 

-  system  availability. 

11, Several  SATCOM  system  architectures  with  the  potential  ol 
meeting  possible  future  NATO  requirements  implied  in  the 
paragraphs  above  have  been  defined  using  different  orbits 
(geostationary,  polar,  12-24-hr  inclined  at  63*. 4  and  Low  Earth 
Orbit  LEO)  and  a  number  of  satellites  with  single  and/or  dual 
frequency  transponders  (SHF  and  EHF)  which  can  be 
configured  to  meet  any  operational  requirement  Table  -1  lists 
the  architectures  considered  in  the  report  and  gives  the 
number  of  active  spacecraft  for  full  continuous  coverage  of  the 
NATO  area  including  the  polar  region  as  well  as  the  total 
number  of  spacecraft  needed  for  7-years  and  2t-year  periods 
for  a  certain  given  spacecraft  reliability.  Architectures  based  on 
the  use  of  LEO  and  a  combination  of  geostationary  and 
polar-orbit  satellites  were  eliminated  from  further  consideration 
on  cost  grounds  and  the  others  were  subjecied  to  more 
detailed  cost-performance  analysis  using  the  cost  model 
mentioned  in  paragraph  10  above. 

12.Table  -2  lists  some  twenty  different  promising  architectures 
(cases)  for  a  future  NATO  SATCOM  and  gives  the  associated 
R&D,  recurring  and  total  costs  for  different  spacecraft  reliability 
and  continuous  service  availability  for  7  years.  The  common 
attributes  of  these  archifeefures  are  the  following  (see  Rg .  - 1 ) : 

(a)i)The  transponders  have  adaptive  receive  (with 
steerable  nulls)  and  multi-beam  transmit  antennas  (1 
earth  cover,  1  Europe  cover,  1  pciar  spot  and  2 


bteerauie  spots) 

II)  A  flexible  channelization  technique  is  used  cn  board 
the  saleihtes  at  both  SHF  and  EHF  Al  EHF  this  is 
exploited  m  an  on-boaid  piocessirig  concept  that 
prevents  the  satellite  downlink  tiansmitter  tiom  being 
loaded  by  the  jammer  .ano  also  to  prevent 
unauthorized  access  to  the  satellite  For  Ilexibie  AJ 
processing  and  ease  of  interoperability  a  lull 
bandwidth  (2  GHz  at  EHF,  500  MHz  ai  SHF)  finer  band 
IS  provided  using  perhaps  different  lilter  technologies 
to  obtain  different  selecliviiies  required  (see  Fig  E  Ti 
where  the  channelization  can  be  contiotled  by 
telecommand  to  avoid  mierference.  to  alter  the 
satellite  capacity  allocated  to  various  geographical 
areas  and  to  adapt  the  specific  tequitemems  due  to 
restrictions  in  the  lunability  of  the  NATO  or  national 
ground  segment.  At  EHF.  wheie  the  flexible 
channelization  technique  is  coupled  with  on-board 
processing  for  AJ  purposes  then  switching  between 
high-selectivity  filter  bank  outputs  (element  filter 
output)  will  be  performed  at  a  high  rate  and  controlled 
by  an  on  board  transec  equipment  which  can  be 
programmable  (m  orbit)  to  support  several 
simultaneous  uplinks 

.0)  The  ground  segment  would  consist  of  both  SHF  and 
EHF  terminals.  The  SHF  terminals  would  be  those 
existing  al  the  end  of  the  NATO  IV  era  and  would  be 
used  mainly  to  support  common-user  trunks  General 
transition  rom  SHF  (o  EHF  is  foreseen  to  take  place 
over  the  period  covered  in  the  study  to  support  mainly 
mobile/transportabte  users  many  of  which  may  have 
demanding  AJ  and/or  LPI  requirement 

The  EHF  ground  segment. 

s)  has  ptefeiabiy  non-synchioriized  Irequency- 
hopped  (because  ot  its  better  performance  m 
disturbed  and  iime-variant  propagation 
conditions  and  better  suitability  to  small 
terminals  than  the  direct  sequence  modulation 
system)  terminals  operating  m  FOMA  with 
flexible  data  rales  and  redefinable  codes. 

ii|  consists  of  the  simultaneous  accesses  ifor 
system  comparison  purposes)  given  m  Table 

-3 

(c)  The  systems 

i)  have  the  virtue  of  allowing  easy  transition  from 
existing  to  future  architectures. 

ii)  Have  minimum  development,  recurring  and 
launch  costs, 

lii)  are  upgradable  and  expandable  on  a  scale  to 
meet  operational  requirements, 

iv)  defective  and  life-expired  elements  of  the 
system  are  replaceable  without  man 
intervention. 

v)  spacecraft  are  capable  of  being  refuelled 
without  man  intervention, 

vi)  have  virtually  zero  down  time  at  low  cost. 

vii)  make  maximum  use  of  orbital  slot  allocations. 

viii)  allow  spatial  distnbulion  o(  spacecraft  to  reduce 
their  vulnerability  to  jamming  and  physical  attack 
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It  should  be  noted  that  the  data  in  Tables  -2  (a)  and 
(b)  are  for  a  7-year  period.  During  the  21-year  total 
period,  three  stages  of  complete  space  segment 
replacement  are  expected  to  occur,  which  would  allow 
for  an  update  for  changes  in  traffic  or  other 
requirements.  For  dual  frequency  systems 
development  cost  will  be  incurred  at  each  stage.Single 
frequency  systems  will  not  incur  such  costs  since  the 
same  designs  of  spacecraft  would  be  used  throughout 
the  21-year  period;  only  the  mix  of  EHF  and  SHF  types 
would  change.  Provided  military  components  are  used 
in  the  design  of  the  spacecraft  it  should  be  possible  to 
maintain  full  availabilty  over  the  21 -year  interval. 

13. An  examination  of  the  data  shows  that: 

a)  For  geostationary  operations  the  cost  of 
interconnection  of  spacecraft  is  of  the  order  of  3  %  . 
and  is  not  more  than  4.5  %  for  the  inclined  orbits 
(Tundra  as  the  most  expensive  case). Interconnection 
provides  significant  improvement  in  service  availability 
probability,  ranging  from  0.14  at  the  lower  inherent 
spacecraft  probabilities  to  0.04  at  the  high  end. 

b)  Increasing  the  space  segment  availability  by  the 
amount  given  in  (a)  above  without,  however,  using 
Inter-Satellite  Links  ISL  would  require  launching  more 
satellites  and  this  would  increase  the  system  cost  by 
about  25  %. 

c)  Operation  in  inclined  orbits  costs  about  50  %  more 
than  the  geostationary  case  for  the  same  service 
availability,  but  gives  full  NATO  coverage  including  the 
polar  region. 

d)  The  geostationary  case  1  corresponds  to  the  NATO  IV 
satellite  as  far  as  coverage  and  the  number  of 
satellites  and  reliability  are  concerned,  ft  is  interesting 
to  note,  however,  that  the  7-year  system  cost  of  Case 
1  and  that  of  NATO  IV  (about  400$M)  are  almost 
identical  even  though  Case  1  satellites  have 
considerably  more  capacity  (in  SHF  and  EHF)  and 
significantly  greater  resistance  to  jamming  (on-board 
signal  processing  in  EHF  and  adaptive  nulling 
antennas). 

e)  The  system  cost  changes  significantly  with  the  7-year 
service  availability  probability.  How  many  satelittes 
would  be  needed  tor  a  21-  year  period  without  having 
excessive  capacity  would  depend  on  this  as  well  as  on 
what  residual  capacity  would  remain  at  the  end  of 
each  seven-year  period  and  how  the  change  in 
requirements  is  introduced;  abruptly  at  each  7-year 
period  or  progressively  during  the  21-year  period.  In 
the  latter  case,  some  reduction  in  the  total  number  of 
satellites  required  and  hence  in  total  cost  would  be 
expected. 

14. The  architectures  which  appear  cost-effective  and  promising 
are  given  in  Table  -4. 

The  following  comments  can  be  made  about  these 
architectures; 

a)  An  adequately  wide  range  oef  architectural  options 
are  presented  from  which  the  architecture  best  suited 
to  the  requirements,  as  they  will  be  known  nearer  the 
date  of  system  implementation,  can  bo  selected. 

b)  Based  on  the  assumptions  made  regarding  possible 
future  NATO  requirements,  reliabilities  of  future 
electronic  systems  and  costs  per  kilogram  of 
Payloads.  Spacecraft  Platforms  and  Launches  which 
have  been  used  consistently  for  all  of  the  candidate 


architectures,  it  can  be  concluded  that 

i)  Provided  NATO  can  accept  the  co-verage 
provided  by  a  geostationary  only  system  of 
satellites.  Architecture  A  is  the  lowest  cost 
solution 

ii)  If  polar  coverage  obtained  by  leasing  from  the 
USA,  costs  less  than  Cost  (H  A)  or  Cost  (l  A) 
then  Architectures  A  or  B  plus  Polar  leasing 
would  provide  the  next  lowest  cost  options 
Option  0  gives  improved  availability  and  AJ 
capability  but  at  33  %  higher  cost  than  the  cost 
of  A 

iii)  The  lowest  cost  architecture  which  provides  full 
coverage  is  Architecture  H  at  a  cost  increase  of 
50  %  over  geostationary  only  (Case  B). 

iv)  For  a  further  5  %  increase  in  cost,  an 
improvement  from  0.95  to  0.98  in  operational 
availability  and  an  enhanced  AJ  capability  can 
be  obtained  by  using  Architecture  I.  This 
architecture  is  probably  the  most  cost-ettecfive 
option  ol  those  considered,  to  all  of  the 
assumed  future  NATO  requirements. 

15  It  is  likely  that  cost  will  be  the  driving  factor  in  determining  the 
hoice  of  a  future  SATCOM  architecture  and  it  is  therefore 
appropriate  to  consider  the  three  dominant  cost  factors  (R&O, 
replacement  and  launch  costs)  and  indicate  what  steps  could 
be  taken  to  bring  about  cost  reduction  in  each  case 

a)  Economy  in  R&D  costs  could  be  obtained  through 
NATO/National  collaboration  and  by  adopting  a 
modular  approach  to  system  diversification  and 
evolution.  An  effective  way  of  achieving  the  'after 
would  be  to  develop  at  the  outset  separate  SH'  and 
EHF  spacecraft  and  use  them,  in  GEO  and  TUNDRA 
orbits  alike,  in  a  mix  determined  by  the  changing 
requirements. 

b)  The  use  of  smaller  spacecraft,  even  though  more  of 
them  may  be  needed,  could  lead  to  lower  system 
costs  because  of  the  economies  of  scate.  Such 
economies  of  scale  would  be  further  enhanced  rl  the 
same  spacecraft  types  are  used  at  all  stages  of  system 
evolution  over  a  period  of.  say,  twenty  years.  They  will 
also  be  enhanced  if  the  same  spacecraft  types  are 
bought  for  national  as  well  as  NATO  use. 

c)  Launch  costs  can  be  minimized  by  reducing 
spacecraft  mass,  in  particular  through  the  exploitation 
of  new  technology.  It  is  also  important  to  maximize 
compatibility  with  the  largest  possible  range  ol  launch 
vehicles. 

d)  Interconnection  of  spacecraft  increases  system 
reliability  and  therefore  tends  to  reduce  the  total 
number  ol  spacecraft  that  need  to  be  launched. 

e)  Finally,  long-term  planning  is  the  key  to  achieving 
reductions  in  both  R&D  and  recurring  costs. 

le.The  NATO  SATCOM  systems  so  far  acquired  have  been 
based  on  national  developments  adapted  to  NATO 
requirements  and  the  rxjntinuity  of  service  (not  necessarily  full 
service  )  has  been  obtained  by  sharing  or  borrowing  capacity 
from  national  systems.  The  national  systems,  in  turn,  have 
relied  for  continuity  of  service  on  the  availability  of  capacity  on 
the  NATO  system.  Each  procurement  has  contained  an 
important  element  of  R&O  costs  and  since  suixessive  systems 
have  been  developed  almost  independently  of  each  other, 
R&D  costs  have  been,  like  the  replacement  cost,  also  recurring 
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There  has  been  a  minimum  of  joint  national  R&O  and  use  of 
the  system  and  each  procurement  has  been  preceded  by 
lengthy  negociations  on  production  sharing  which  has  not,  in 
general,  satisfied,  at  least,  some  of  the  member  countries.  As  a 
result  of  having  independent  NATO  and  national  systems  there 
has  been  considerable  interoperability  problems 

It  is  believed  that  this  trend,  based  on  successive  jumps  in 
spending  and  capabilty  with  a  minimum  degree  of  general 
national  participation  should  be  and  can  be  changed  to  meet 
the  needs  of  the  coming  decades  which  may  be  characterized 
by  uncertainly  and  shrinking  military  budgets  requiring 
affordable  and  flexible  systems. 

The  member  countries  have  adequate  experience  within  NATO 
and  Eurojje  and  know  that  under  these  circumstances  it  is 
necessary  to  resort  to  joint  R&D,  procurement  and  use  of  the 
system  while  ensuring  effectiveness  and  competitiveness  lor 
keeping  the  costs  down. 

iT.What  needs  to  be  done  jointly  are: 

a)  To  define  NATO  and  national  requirements  for  satellite 
communications. 

b)  To  develope  and  agree  on  a  system  architecture 

c)  To  delineate  those  technological  areas  which  are 
critical  and  require  R&D. 

d)  To  encourage  and  support  companies  and  R&O 
establishments  to  form  research  partnership  for 
development  and  production  to  be  carried  out  in  a 
competitive  manner. 

It  is  believed  that  the  architectures  evaluated  and 
recommended  in  this  report  form  a  good  foundation 
lor  (b)  above  and  ensure  also  that  the  satellite  designs 
outlined  that  are  flexible  need  not  change  basically 
over  a  period  of  some  twenty  years  or  longer  thus 
keeping  the  R&O  and  recurring  costs  to  a  minimum. 

The  report  outlines  also  certain  critical  technologies  for 
(c)  above  which  need  R&D.  Some  of  these  R&D  topics 


are  common  to  military  and  civilian  satcoms  some 
others  which  are  specific  to  military,  are  likely  lo  be 
common  to  both  national  ana  NATO  systems  and  yet 
another  category  of  topics  will  oe  NATO-Specitic  It 
would  therefore  be  necesarry  to  make  a  moie  detailed 
assessment  ol  the  R&D  topics  ana  determine  where 
R&D  is  a  prerequisite  and  either  can  oe  relied  upon 
present/fulure  civilian  developments  or  earned  out 
jointly  by  member  nations 

18  The  following  areas  appear  as  first  candidates  tor  a  NATO 
R&D  effort  because  they  would  provide  solutions  to  problems 
which  are  NATO-specific  and  can  be  made  available  wiihm  me 
time-frame  considered  for  NATO  SATCOM  systems 

aj  On-board  flexible  anti-jam  signal  processing  wnich 
can  be  controlled  by  software  to  meet  AJ 
requirements  generally  and  to  aoapt  to  national 
modems  and  new  modems  introduced  during  the 
lifetime  of  the  satelliteis) 

b)  Adaptive  nulling  AJ  receive  antennas  tailored  to  NATO 
needs  and  to  keep  costs  down 

C)  Autonomous  control  of  the  spacecraft  and  OSM 
generally  using  techniques  of  artificial  mielligence 
neural  networks  and  rooolics 

8y  sporing  R&D  activities,  limited  lo  payload  technology,  m  the 
member  nations  even  on  mooest  scale  NATO  can  expect  lo 
get  a  better  insight  into  and  to  make  an  impact  on  cutreni 
technology  developments  carried  out  tor  civilian  and  military 
purposes 

19.lt  is  believed  that  the  collaborative  approach  outlined  above 
for  SATCOM  acquisition  in  NATO  give  tasks  to  all  the  existing 
bodies  in  NATO  such  as  NACISA,  STC.  ORG.  lEPG.  AGARD. 
etc.,  and  would  probably  not  necessitate  creating  new 
structures.  Cost  and  benefit  aniysis  carried  out  in  the  report 
show  that  the  architectures  recommended  can  be 
implemented  m  the  manner  suggested  above  and  could  lead 
to  systems  which  are  considerably  cheaper  and  much  more 
elective  than  those  we  have  had  so  far. 


a)  Non-transparent  satellite  with  about  50  MH2  information  bandwidth  hopped  across  2000  MHz.  All  terminals  hop 
in  synchronism.  There  will  be  as  many  dehoppers  in  the  satellite  as  there  are  different  nets  with  different  codes. 


Fig.  -1  Two  promising  AJ  satellite  designs  with  on-board  processing  and  routing 
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TABLE  -1 
Number  of  Satellites 

Required  for  different  SATCOM  Architectures 


Features 

No  of  Active  S/C 

Comment 

No  of  S/C 

Total  No  of 

for  full  continuous 

for  7  years 

S/C  for 

Architecture 

Coverage 

21  years 

(a)  Proliferated  LEO 

240 

>240 

>500 

fct  Inclined  Elliotical  Orbit 

(cl)  LOOPUS 

9 

27 

81 

(c2)  MOLNIYA 

3  X  1 2  -  hrs 

9 

27 

2  X  24  -  hrs 

6 

18 

{c3)  TUNDRA 

2  X  24  -  hrs 

6 

18 

(d)  GEO 

1 

Bciseline 

3 

9 

(e)  Svstems  of  Satellites  m 

more  than  one  Orbit 

(el)  GEO  +  Polar 

1  GEO  +  6  Polar 

S/C  in  GEO  are 

3  GEO 

9  GEO 

dual  frequency  single 

■f 

+ 

in  Polar  orbit 

18  Polar 

54  Polar 

(e2)  GEO+24-hrMOLNI 

TA 

(a)  Dual  freq  S/C  in 

1  GEO 

GEO  S/C  have 

3  GEO 

9  GEO 

GEO + single  in 

+  2  inclined 

EHF  and  SHF 

+ 

+ 

Inclined  Orbit 

Inclined  EHF  or  SHF 

6  inclined 

18  inclined 

(b)  Single  freq  in 

2  GEO 

GEO  S/C  are  air 

6  GEO 

18  GEO 

both  orbits 

+  2  inclined 

of  EHF  and  SHF 

+ 

+ 

Inclined  EHF  or  SHF 

6  inclined 

18  inclined 

(f)  CLOUDSAT 

Receive  S/C 

Numbers  will  depend 

60  GEO 

180  GEO 

with  10dB  ECCM 

20  GEO.  20  Inc. 

on  jamming  threat 

60  Inclined 

180  inclined 

advantage 

TX  S/C:- 

at  the  time 

6  GEO 

18  GEO 

relative  to  (e2)b 

2  GEO +2  Inc 

6  inclined 

18  inclined 

(g)  MEWS 

The  basic  concept  applies  to  all  case  (c)  thro’  (f) 

Table  -2  (a)  System  Evaluation  Data  (or  Geostationary  Operations  (  7  years) 


l-i-T 


Table  •2(b)  Evaluation  Data  for  24-Hour  TUNDRA  Orbits  (  7  years) 
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Table  -  3  :  The  EHF  Ground  Segment  Assumed  for  System  Comparison 


Type  ot 

Antenna 

Tm  Pow«ft 

Transmission 

Number  ot  simul- 

Terminal 

Ola.  (m) 

(kW) 

Rate  (Baud) 

taneous  accesses 

Ship-  Borne 

10 

0.1 

2400  -  9600 

20 

Aircraft 

0.5 

0.1 

2400 

10 

Submarine 

0  25 

0  1 

100  -  2400 

1 

Land  transportable 

5.0 

to 

4  X  64000  (‘) 

15 

2.0 

0  5 

4  X  2400 

30 

Man  -  pack 

0.5 

001 

75 

30 

(*)  16  kb/s  codecs  (adaptive  sub-band  cooing)  exist  today  wiin  quality  wmcn  equals  inai  ot  me  64  kb/s  PCM  ii  is  expected  mat  in  the 
tlmetrame  considered  In  this  report  there  will  be  8  kb/s  or  even  lower  -  rale  codecs  available  lor  use  in  SATCOM  with  qualities  comparable 
10  that  o(  64  kb/s  PCM  voice  • 


TABLE  • 4 

COST-REUABILITY  COMPARISON  OF  CANDIDATE  ARCHITECTURES 
FOR  A  SYSTEM  LIFETIME  OF  21  YEARS 


Cases  No 

Total  No  ot 
operating 
spacecraft 

No  ot  Payload 

Orbit  /  Freq. 

Service 

Avaiiabiiity 

Cost  (  21-year ) 

H 

GEO 

EHF 

SHF 

B 

R  &  0 

Recur. 

Launch 

Total 

A 

- 

2 

B 

B 

- 

0  85 

3  x  242-1 
726 

j  *  52  » 

'  246 

i  3  X  76  - 
228 

1200 

B 

B 

3 

- 

0 

0  98 

i  3  X  1  .'3  » 

519 

;  3x  118- 

354 

•6S9 

C 

B 

- 

4 

Hi 

0 

.. 

0  66 

3  *  238  » 

'••i 

•  •  236- 

■  v8 

3x’30- 

390 

•8*2 

D 

B 

B 

6 

6 

0 

096 

3  X  238  » 

714 

3  F  333 ' 

'  i'9 

3  f  195  » 

585 

2478 

E 

B 

- 

a 

4 

4 

E.S 

0  87 

288 

•  1  *  95  01  = 

'045 

,  '2  «  408- 

.589  4 

’822 

F 

B 

- 

12 

6 

B 

Hi 

0  97 

288 

•6’5 

-34 

2637 

G 

12 

4 

9 

9 

3 

B 

B 

0  97 

H8»706> 

904 

665*519- 

*  ’84 

'  353*354- 

667 

2755 

H 

B 

nn 

12 

9 

3 

B 

B 

0  95 

2905 

’47C2 

'27  1 

2488 

mii 

1? 

B 

B 

B 

B 

0  98 

32C96 

••15  3 

261  T 

B 

58 

B 

B 

6.S 

E.S 

0  96 

320  86 

r.  559  2 

•  '66  5 

dQu5 
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1.  ABSTRACT 

The  communications  capabilities  provided  by  EHF  satel¬ 
lites  can  range  from  low  data  rate  services  (75  to  2400  bps 
per  chaiuiel)  to  medium  data  rate  links  (4.8  kbps  to  1.544 
Mbps  per  link)  depending  on  the  payload  configuration. 
Through  the  use  of  EHF  waveform  standards,  the  EHF 
payloads  will  be  compatible  with  existing  and  planned 
EHF  terminals.  Advanced  technologies  permit  the  devel¬ 
opment  of  highly  capable,  lightweight  payloads  which  can 
be  utilized  in  a  variety  of  roles.  The  key  payload  technol¬ 
ogies  include  adaptive  uplink  antennas;  high  speed,  low 
power  digital  signal  processing  subsystems;  lightweight 
frequency  hopping  synthesizers;  and  efficient  solid-state 
transmitters.  The  focus  in  this  paper  is  on  the  signal 
processing  and  frequency  generation  technologies  and  their 
application  in  a  lightweight  EHF  payload  for  tactical 
applications. 

2.  INTRODUCTION 

A  motivating  factor  for  the  transition  to  EHF  communica¬ 
tions  (i.e.,  44  GHz  uplinks  and  20  GHz  downlinks)  is  the 
requirement  for  improved  interference  protection  with 
small  mobile  and  transportable  terminals  for  tactical  and 
strategic  users.  Emerging  technologies  allow  EHF  com¬ 
munications  systems,  which  can  support  both  low  data  rate 
(LDR)  and  medium  data  rate  (MDR)  services,  to  be  imple¬ 
mented  in  lightweight,  low  power  configurations.  Stan¬ 
dard  EEDF  payloads,  utilize  both  advanced  antenna  systems 
and  on-board  signal  generation  and  processing  teclmiques 
to  improve  performance  and  protection.  A  payload  which 
utilizes  these  features  for  a  theater  coverage  application  is 
described  in  this  paper.  The  application  of  advanced 
signal  generation  and  processing  technologies  to  this  light¬ 
weight  payload  result  in  a  payload  which  can  be  incorpo¬ 
rated  into  satellites  of  many  sizes,  ranging  from  large, 
multiple  function  satellites  to  small,  augmentation  satellites 
[1-4]. 

3.  ANTENNA  OPTIONS 

Advanced  antenna  features  for  tactical  applications  can 
include  the  ability  to  provide  a  variable  coverage  uplink 
spot  beam  pattern,  an  autonomous  nulling  capability  within 
the  uplink  spot  beam  pattern,  or  both.  Variable  beamwidth 
EHF  anteruias  can  be  utilized  in  a  variety  of  applications 
as  shown  in  Fig.  1.  For  payloads  in  elliptical  orbits,  a 
variable  beam  width  feature  can  be  utilized  to  maintain  an 
essentially  fixed  coverage  area  independent  of  satellite 
altitucte  [4].  In  a  geosynchronous  orbit  application,  the 
beam  variability  can  be  used  to  satisfy  different  coverage 
and  gain  requirements  such  as  in  supporting  tactical 
theaters  of  varying  size  and  capacity  requirements.  One 
approach  to  obtaining  the  beam  variability  is  by  employing 
multiple  feeds  in  the  antenna.  These  feeds  arc  combined 
with  a  variable  power  combiner  network  before  going  to 
the  receiver.  With  7  uplink  feeds  in  the  antenna,  a  3-to-l 
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variation  in  beamwidth  can  be  achieved,  while  19  uplink 
feeds  give  a  5-to-l  variation.  By  incorporating  both  phase 
and  amplitude  control  in  the  (Uniforming  network  and 
including  a  processor,  the  variable  beamwidth  antenna  can 
also  include  autonomous  nulling  [5]. 

4.  LIGHTWEIGHT  SIGNAL  GENERATORS 

In  order  to  provide  effective  interoperability,  it  is  impor¬ 
tant  for  all  the  EHF  payloads  to  work  with  the  same  type 
of  user  terminals.  Standard  EHF  transmission  formats  and 
dynamic  access/configuration  control  are  important  fea¬ 
tures  in  providing  this  interoperability.  The  standard  EHF 
waveform  requires  the  dehopping  and  demodulation  of 
communications  signals  on-board  the  satellite.  As  shown 
in  Fig.  2,  lightweight  frequency  hopping  synthesizers  can 
be  implemented  using  direct  digital  synthesis  techniques 
along  with  high-speed,  hybridized  bandwidth  expansion 
circuitry.  These  advanced  frequency  generators  yield 
almost  an  order  of  magnitude  reduction  in  weight  over 
frequency  synthesizer  subsystems  of  the  early  I980's  while 
also  requiring  significantly  less  than  half  the  power. 

The  key  design  criteria  for  a  payload  frequency  synthesizer 
are  a  low  power  configuration  which  has  the  ability  to 
generate  signals  with  low  spurious  frequency  content  while 
meeting  the  frequency  switching  speed  requirement.  These 
factors  are  key  in  selecting  the  bandwidth  expansiwi 
approach  as  shown  in  Fig.  3.  A  switched  filter  bank 
approach  is  a  straightforward  implementatioa  However, 
filter  size  limits  the  number  of  frequencies  (N)  which  can 
be  selected  for  mixing  with  the  direct  digital  synthesizer 
(DDS)  output,  thus  impacting  the  amount  of  bandwidth 
which  must  be  generated  by  the  DDS.  This  adversely 
affects  both  the  power  and  spur  constraints  by  requiring  a 
higher  power  DDS  and  by  generating  larger  spurs.  The 
alternative  appiroach  shown  in  Fig.  3  was  selected  for  the 
payload  frequency  synthesizer.  This  approach  utilizes  a 
high  speed  phase-locked  loop  to  generate  the  set  of  N 
frequencies  which  are  mixed  with  the  DDS  output  to 
expand  the  bandwidth.  The  wide  bandwidth  of  the  loop 
allows  N  to  be  large,  thus  requiring  a  smaller  DDS 
bandwidth.  The  reduced  DDS  bandwidth  allows  the  use 
of  a  low  power,  CMOS  based  DDS  and  results  in  lower 
spur  levels.  The  key  technology  challenges  in  implement¬ 
ing  the  wi(te  bandwidth  loop  are  the  high-speed  counter 
and  the  custom  voltage  controlled  oscillator  (VCO). 

Some  of  the  test  results  from  a  breadboard  synthesizer 
which  utilizes  the  wide  bandwidth  loop  for  bandwidth 
expansion  arc  shown  in  Fig.  4.  The  breadboard  synthesiz¬ 
er  meets  the  switching  speed  requirement  by  settling  to 
within  7.5®  of  the  final  phase  in  a  little  over  0.8  psec. 
The  goal  for  spur  levels  is  also  met  by  the  bread^ard 
synthesizer.  A  typical  output  spectrum  is  shown  in  Fig.  4. 

5.  HIGH-SPEED  SIGNAL  PROCESSORS 
High-speed  digital  signal  processing  advances  can  be  uti¬ 
lized  to  provide  lightweight,  low-power  demodulators  and 
signal  processing  subsystems  capable  of  supporting  many 
LDR  and  MDR  channels.  In  the  early  1980’s.  the  use  of 
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combined  analog  and  digital  processing  technologies 
provided  the  most  efficient  implementation  ''or  demodulat¬ 
ing  the  LDR  uplink  waveform.  As  shown  in  Fig.  5.  the 
frequency  demodulation  was  performed  by  a  surface 
acoustic  wave  (SAW)  demodulator  followed  by  a  digital 
communications  and  acquisition  processor.  Now  however, 
the  progression  of  digital  technology  has  advanced  the 
state-of-the-art  to  the  point  where  an  all  digital  approach 
is  more  efficient.  The  development  of  application  specific 
ICs  (ASICs)  which  process  the  standard  EHF  waveforms 
will  contribute  significantly  to  the  reduction  in  weight  and 
power  required  by  these  subsystems.  For  further  reduc¬ 
tions  in  weight  and  power,  the  ASIC  devices  can  be 
integrated  into  multi-chip  modules  to  achieve  the  benefits 
associated  with  a  wafer-scale  level  of  integration  as  shown 
in  Fig.  5.  In  this  comparison  of  an  LDR  signal  processor 
using  multi-chip  modules  with  an  LDR  signal  processor 
from  the  early  1980’s,  an  order  of  magnitude  reduction  in 
weight  is  obtained  while  the  power  is  decreased  by  more 
than  half  for  the  same  number  of  channels  processed. 

The  digital  Fast  Fourier  Transform  (FFT)  demodulator  is 
implemented  with  two  ASIC  designs  shoivn  in  Fig.  6.  The 
sampled  signals  are  first  preprocessed  before  the  actual 
transform  is  performed.  In  this  FFT  preprocessor  chip,  the 
signals  are  windowed,  coherently  integrated  for  adjustment 
of  frequency  sample  spacing,  and  stored  in  memory.  The 
heart  of  the  dem^ulator  is  the  in-place  FFT  chip  shown 
in  Fig.  6.  The  data  is  stored  in  memory,  the  FFT  butterlly 
operations  arc  performed,  and  after  the  traasform  is 
completed,  the  I  and  Q  samples  are  converted  to  magni¬ 
tude  values  for  further  processing  by  the  uplink  processor. 
The  FFT  chip  is  designed  for  use  with  data  or  acquisition 
channels  and  can  perform  a  transform  of  up  to  256  points. 

The  ASIC  for  the  in-place  FFT,  shown  in  Fig.  7.  has  been 
designed,  fabricated,  and  tested.  The  FFl  ASIC  is 
designed  to  meet  the  primary  requirements  for  a  space 
application;  radiation  hardness,  high  performance,  low 
power  consumption,  and  high  reliability.  A  significant 
design  feature  in  this  chip  which  enables  high  performance 
in  a  low  power  configuration  is  the  use  of  on-chip  memory 
(RAM  and  ROM)  for  the  data  being  processed  and  for  the 
coefficients  used  in  the  FFT.  The  amount  of  memory 
required  is  minimized  by  employing  an  innovative  in-place 
algorithm  using  dual  port  RAM. 

The  FFT  chip,  the  preprocessor  chip,  and  a  communica¬ 
tions  uplink  processor  (CUP)  ASIC  can  be  configured  into 
a  communications  demodulator,  which  is  capable  of 
processing  up  to  16  channels,  as  shown  in  Fig.  8.  These 
ASICs,  along  with  the  supporting  chips  (A/D  converters, 
CUP  RAM,  and  mission  ROM)  can  be  packaged  into  a 
multi-chip  module  which  is  about  2"  x  3"  in  size. 

For  MDR  channels,  similar  ASIC  technology  is  expected 
to  yield  efficient  implementations  for  these  higher  data  rate 
channels  as  well.  A  preliminary  design  for  a  four  channel 
MDR  subsystem  requires  three  individual  ASIC  designs. 
Four  demodulator  chips  arc  utilized  in  conjunction  with  a 
clock  generator  chip  and  an  MDR  processor  chip  to  form 
the  four  channel  MDR  subsystem.  The  designs  for  the 
clock  generator  chip  and  the  MDR  processor  chip  allow 
cascading  to  support  additional  MDR  dcmcxlulators  for 
payloads  with  more  than  four  channels. 


6.  EXAMPLE  EHF  PAYLOAD  FOR 
GEOSYNCHRONOUS  ORBITS 

An  example  EHF  payload,  which  utilizes  a  pair  of  variable 
bcamwidih  spot  beam  antennas  and  both  LDR  and  MDR 
signal  processing,  is  shown  in  Fig.  9.  For  this  example 
payload,  the  uplink  spot  beam  antennas  utilize  7  feeds 
each  and  the  downlink  beams  arc  formed  using  1  feed 
each.  Both  LDR  and  MDR  channels  arc  supported  in  the 
spot  beams.  In  addition,  the  payload  provides  LDR  earth 
coverage  service  through  a  pair  of  earth  coverage  horns. 
The  LDR  processor  supports  16  communications  channels 
in  each  of  the  beams  using  the  EHF  common  transmission 
format.  The  MDR  processor  provides  a  total  of  4  chan¬ 
nels  of  service  in  the  spot  beams  with  any  mix  between 
the  two  beams. 

The  main  considerations  in  selecting  a  spot  beam  size  are 
the  required  gain  and  the  coverage  area  provided  by  the 
beam.  The  1°  to  3°  spot  beam  size  in  this  example  pay- 
load,  along  with  the  6  W  solid  state  tfansmittcr,  will 
support  2.4  kbps  service  to  a  small  terminal  (2'/2W)  while 
in  the  wide  beam  mode  and  will  support  1  Mbps  links  to 
a  medium  size  terminal  (471 2W)  while  in  the  narrow 
beam  mode.  The  payload  in  Fig.  9  is  estimated  to  weigh 
about  200  lb  and  require  about  290  W  (these  estimates  in¬ 
clude  20%  margins). 

The  6  W  transmitter  and  the  20  ”  sjxjt  beam  antermas 
provide  sufficient  EIRP  to  support  both  LDR  and  MDR 
links  in  a  vancty  of  modes  and  data  rates  with  the  total 
throughput  for  the  payload  depending  on  the  mix  of  LDR 
and  MDR  terminals  in  a  .scenario.  An  example  loading 
scenario  is  shown  in  Fig.  10.  For  this  example,  three 
types  of  terminals  were  a.ssumed;  a  6',  25  W  ground 
terminal;  a  4'.  12  W  transportable  terminal;  and  a  2',  2  W 
portable  terminal.  The  ground  terminal  is  supported  by  the 
earth  coverage  beam  in  the  example.  The  portable  and 
uansportablc  terminals  arc  supponed  in  the  spot  beams. 
One  of  the  spot  beams  is  set  to  a  3°  bcamwidth  (about 
12(X)  mile  diameter  coverage  at  the  subsatcllitc  point) 
while  the  other  spot  beam  is  set  to  a  1°  bcamwidih  (about 
400  mile  diameter  coverage  at  the  subsatcllitc  point).  In 
this  example,  27  LDR  networks  and  17  MDR  links  are 
supported  for  a  total  payload  throughput  of  3277  kbps. 

A  range  of  payload  capabilities  can  be  implemented  using 
the  variable  bcamwidth  antennas,  nulling  processors,  and 
the  other  key  technologies  dc.scribed  briefly  in  Fig.  1  and 
2.  These  technologies  can  be  u.scd  to  implement  small 
EHF  payloads  as  in  the  example  presented  here.  However, 
the  same  technologies  can  also  be  used  in  secondary  anti¬ 
jam  payloads  or  multiple  function  anti-jam  payloads  on 
large  satellites  as  shown  in  Fig.  11.  In  addition,  many  of 
the  same  signal  processing  and  frequency  generation 
technologies  are  applicable  for  improving  EHF  terminals 
as  well. 

7.  SUMMARY 

A  key  feature  for  the  flexible  u.se  of  the  EHF  payload  is  to 
provide  the  ability  to  configure  the  paykiad  to  provide  a 
variety  of  services.  Supporting  cither  LDR,  MDR,  or  both 
types  of  channels  in  a  variable  bcamwidih  antenna  helps 
provide  this  sort  of  flexibility  to  meet  a  broad  range  of 
u.scr  requirements.  Development  of  the  critical  technolo¬ 
gies  for  use  in  these  types  of  payloads  has  been  initiated. 
The  technology  areas  include  variable  bcamwidth  antennas, 
lightweight  frequency  synthesizers,  and  high  .speed  signal 
processors  for  both  LDR  and  MDR  channels. 
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Figure  1 .  EHF  Variable  Beamwidth  Antenna 
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Figure  2.  Frequency  Synthesizer  Reductions 
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Figure  3.  Bandwidth  Expansion  Implementation  Options 
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Figure  4.  Breadboard  Synthesizer  Performance 


Figure  5.  Lightweight  LDR  Signal  Processor  Implementation 
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Figure  6.  Digital  FFT  Oemoduiator 


Figure  7.  FFT  Application  Specific  1C 


DOWNLINK 

PROCESSOR 

RESOURCE 

CONTROLLER 


16  COMMUNICATION  CHANNELS 


Rgure  8.  Demodulator  and  Uplink  Processor  Multl-Chlp  Module  Configuration 
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GEOSYNCHRONOUS  ALTITUDE  ORBIT 

VARIABLE  BEAMWIDTH 


PAYLOAD  SIZING 
EHF  ONLY  -200  lb  -290  W 


Figure  9.  Example  LDR/MDR  Payload 


EARTM  COVERAGE  BEAM 


GROUND  TERMINAL  (6*.  25  W)  1  x  L4  kbps 
GROUND  TERMINAL  (r.  25  W)  4  x  150  bpa 

3*  SPOT  BEAM _ 

PORTABLE  TERMINAL  (2',  2  W)  4  x  Z4  kbps 
PORTABLE  TERMINAL  (2*.  2  W)  6  x  600  bps 
TRANSPORTABLE  TERMINAL  (4'.  12  W)  4  x  16  kbps 
TRANSPORTABLE  TERMINAL  (4'.  12  W)  4  x  ^4  kbps 


r  SPOT  BEAM 


PORTABLE  TERMINAL  (2',  2  W)  6  x  2.4  kbps 
TRANSPORTABLE  TERMINAL  (4’.  12  W)  1  x  1il24 
TRANSPORTABLE  TERMINAL  (4'.  12  W)  2  x  512 
TRANSPORTABLE  TERMINAL  (4*.  12  W)  4 
TRANSPORTABLE  TERMINAL  (4'.  12  W)  6 

TOTALS _ 

27  LDR  NEIWORKS,  45.0  kbps 
17  MDR  UNKS,  3.232  kbps 


FIgurs  10.  Exampis  LDR/MDR  Loading  Scsnario 


♦MULTIPLE  FUNCTION 
AJ  PAYLOADS 


/ 


•  SECONDARY 
AJ  PAYLOADS  i 
WITH  SIGNIFICANT* 
CAPABILITIES  \ 


SMALL  SATELLITES 
FOR  AUGMENTATION 
RESTORATION  OF 
AJ  SERVICE 


IMPROVED  EHF  / 
TERMINALS  / 
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SUMMARY 


In  the  area  of  MILSATCOM,  considerable  effort  is 
currently  being  expended  on  the  deveiopmcni  of  systems 
operating  in  the  EHF  frequency  bands  and  employing 
onboard  processing.  Two  of  the  principal  advantages  of 
employing  these  features  are  that  the  MILSATCOM 
system  will  be  capable  of  increased  throughput  and  will 
possess  increased  immunity  to  jamming  and  other  channel 
impairments.  Most  of  the  previous  research  and 
development  in  EHF  MILSATCOM  has  concentrated  on 
Low  Data  Rate  (LDR)  waveforms,  for  data  rates  up  to  2.4 
kbps.  In  order  to  meet  the  requirements  for  increased 
throughput.  Medium  Data  Rate  (MDR)  waveforms  are 
being  developed.  These  systems  include  data  rates  up  to 
and  including  Tl.  This  paper  examines  the  constraints  that 
communicating  at  MDR  data  rates  places  on 
synchronization  and  provides  an  overview  of  some  of  the 
various  techniques  and  algorithms  that  can  be  employed 
for  both  spatial  and  time  acquisition  as  well  as  tracking. 
Both  channel  and  equipment  impairments  affecting 
synchronization  are  examined.  Robust  open  and  closed 
loop  acquisition  and  tracking  algorithms  are  examined  in 
conjunction  with  onboard  processing  techniques. 
PerformaiKC  is  discussed  in  terms  of  SNR,  acquisition 
time,  probability  of  correct  acquisition  and  probability  of 
false  acquisition.  Tradeoffs  in  a  MILSATCOM  system 
design  based  on  various  user  requirements  are  also 
presented. 

SYMBOLS 


dB 

DL 

EHF 

Es 

E. 

FOMA 

GHz 

GT 

kbps 

kHz 

L 

n. 

ns 

Pd(DL) 

P„(UL) 


decibel 

downlink 

Extremely  High  Frequency 
hop  energy 

coded  burst  symbol  energy 

Frequency  Division  Multiple  Access 

GigaHertz 

Ground  Terminal 

Kilobits  per  second 

KiloHertz 

diversity  level 

number  of  downlink  TDMA  slots 
nanoseconds 

probability  of  detection  on  DL 
probability  of  detection  on  UL 


Edemoo  demodulator  BER 

Pon,,  BER  at  output  of  diversity  combiner 

Eqtsk  EER  of  DPSK  modulation 

Pp^(DL)  probability  of  false  alarm  on  DL 

Pp;^(UL)  probability  of  false  alarm  on  UL 

Pj  probability  of  overall  synchronization 

Rj  hop  rate 

R,  coded  burst  symbol  rate 

TDMA  Time  Division  Multiple  Access 

TOD  Time  of  Day 

T^  error  in  DL  timing  estimate 

Tj  worst  case  group  delay  variation 

ETL  hop  timing  mismatch 
Tut  residual  error  in  UL  timing 

UL  uplink 

1  INTRODUCTION 


As  is  well  known,  utilizing  the  Extremely  High  Frequency 
(EHF)  band  for  Military  Satellite  (MILSATCOM) 
communications  offers  several  advantages  ovct  more 
conventional  military  satellite  communications  bands  such 
as  X-band  or  UHF.  The  EHF  frequency  bands  centered  at 
45  GHz  on  the  uplink  and  20  GHz  on  the  downlink  (DL) 
allow  the  use  of  higher  gain  directed  antenna  beam 
patterns,  which  provides  greater  immunity  to  potential 
uplink  jammers  and  allows  a  greater  capacity  on  the 
downlink  (1).  This  is  due  to  the  narrower  antenna 
beamwidths  that  can  be  attained  at  EHF  frequencies, 
permitting  the  rejection  of  jammers  either  through  null 
bcamstcering  or  sidclobc  rejection.  These  features  are 
advantageous  in  a  tactical  scenario,  in  which  satellite 
communications  coverage  is  desired  for  a  small  theatre  of 
operation.  A  second  major  feature  that  is  desirable  in  a 
MILSATCOM  system  is  on-board  processing  at  the 
payload.  This  feature  prevents  uplink  (UL)  channel 
impairments  such  as  fading  or  jamming  from  degrading 
the  satellite  transponder  and  degrading  the  downlink  as 
well  as  the  uplink.  The  majority  of  current  research  and 
development  of  EHF  MILSATCOM  systems  has  been  for 
Low  Data  Rate  systems  supporting  user  data  rates  from  75 
bps  up  to  and  including  2.4  kbps.  Such  data  rates  may  be 
sufficient  for  limited  voice  or  low  capacity  data 
communications  within  a  theatre  of  operation,  however, 
higher  data  rates  supporting  more  robust  voice 
communications  and  a  higher  volume  of  data  traffic  would 
be  required  for  a  theatre  command  center.  For  such 
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scenarios,  MDR  type  data  rates  up  to  and  including  T1 
would  be  required. 

Synchronization  is  one  of  the  key  areas  of  )..>tential 
vulnerability  in  the  design  and  operation  of  a 
MILSATCX)M  Systran.  In  order  to  meet  operational 
requirements,  an  MDR  EHF  MILSATCOM  system  must 
provide  a  synchronization  capability  that  is  at  least  as 
robust  as  the  communications  capability  it  supports. 
Synchronization  consists  of  both  acquisition  and  tracking 
processes.  These  processes  involve  adjusting  the  critical 
parameters  of  spatial  pointing,  frequency  and  liming,  at  the 
ground  terminal.  It  will  be  assumed  that  the  payload  is  the 
system  refraence  with  regard  to  frequency  and  timing,  and 
that  the  ground  terminal  must  match  its  timing  and 
frequency  to  the  DL  received  signals.  Similarly  it  must 
ensure  that  the  UL  signals  arrive  at  the  payload  matched 
in  time  and  frequency  to  those  of  the  payload.  This  paper 
examines  the  system  design  considerations  for 
synchronization  of  EHF  MDR  systems  utilizing  Tactical 
Satellites  (TACSATS).  The  emphasis  of  the  discussion 
will  be  on  performance  capabilities  to  meet  theatre 
command  requirements. 

The  paper  is  organized  as  follows.  Section  11  examines 
some  of  the  system  characteristics  and  assumptions  which 
impact  the  design  of  the  synchronization  process.  Sections 
ni,  IV,  and  V  examine  the  design  of  spatial,  time  and 
frequency  synchronization  algorithms,  re.spectively.  Section 
VI  examines  parameters  and  performance  measures  for  an 
overall  synchronization  algorithm.  Section  Vfl  provides  a 
conclusion  to  the  paper. 

2  MDR  EHF  SYSTEM  CHARACTERISTICS 

2.1  Waveform  and  Operational  Considerations 
The  assumed  key  waveform  and  operational  characteristics 
that  arc  penirent  to  the  discussion  in  this  paper  are 
outlined  in  Table  I.  These  characteristics  were  considered 
by  the  Canadian  Department  of  National  Defence  for  the 
current  MDR  EHF  MILSATCOM  system  design  [2J.  As 
discussed  above,  the  uplink  bandwidth  is  2  GHz  centered 
about  44.5  GHz,  whereas  the  downlink  bandwidth  is  1 
GHz  centered  about  21  GHz.  Frequency  hopping  is 
employed  to  combat  jamming,  with  the  hopping  rate  being 
on  the  order  of  kHz.  A  typical  system  configuration  is 
illustrated  in  Figure  1,  in  which  a  ground  terminal  (GT)  in 
a  given  theatre  of  operation  communicates  with  a  GT  in 
the  same  or  different  theatre.  A  theatre  of  operation  is 
defined  by  the  satellite  antenna  beam  pattern  coverage. 
The  satellite  antenna  can  either  be  a  fixed  or  steerable  spot 
beam,  or  a  multi-beam  antenna  that  can  be  dynamically 
steered  from  one  theatre  to  another  on  a  hop  to  hop  or 
frame  to  frame  basis.  In  order  to  accommodate  multiusers 
and  variable  data  rates,  a  hybrid  FDMA/TDMA  frame 
structure  is  employed  on  the  uplink  as  illustrated  in  Figure 
2.  Users  arc  assigned  capacity  in  terms  of  an  access  which 
can  be  one  or  more  nonconcurrent  subframes  in  one  or 
more  user  channels.  The  downlink  employs  a  single 
channel  TDMA  structure.  The  modulation  assumed  for 


Table  I;  MDR  System  Parameters 


i  Feature 

Specification 

UL  frequency 

44.5  GHz 

DL  frequency 

21  GHz 

UL  frequency 
barxl  width 

2  GHz 

DL  frequency 
bandwidth 

1  GHz 

modulation 

DPSK 

Hopping  rate 

slow  frequency  happing 

Data  Rates 

32  kbps  to  T1 

Processing  functions 

-  coding;  block  or 

convolutional 

-  diversity 

-  interleaving 

-  time  permutation 

satellite  orbits 

-  arbitrary 

payload  antenna 

1°  -  5°  beamwidih 

26-34  dBi 

payload  amplifier 

5  W  SSPA 

ground  terminal  antenna 

up  to  1.8  m 

ground  terminal 
amplifier 

up  to  20  W 

Figure  1;  System  Configuration 

purposes  of  this  discussion  is  DPSK.  No  pulse  shaping  has 
been  assumed,  although  recent  studies  indicate  that  this 
may  be  useful  for  MDR  applicaiioTcs  (31.  M-ary  FSK  could 
also  be  considered,  however  given  that  slow  frequency 
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Figure  2:  UL  FDMA/TDMA  frame  structure 

hopping  is  assumed  (i.e.  the  hop  rate  is  less  than  the  data 
rate),  a  DPSK  type  modulation  is  more  amenable  to 
attaining  the  MDR  data  rates. 

2.2  Impairments 

In  order  to  combat  various  channel  impairments  such  as 
additive  noise,  fading,  and  scintillation  as  well  as  jamming 
threats  it  is  assumed  that  communication  data  processing 
techniques  such  as  FEC  coding,  interleaving,  diversity  and 
time  permutation  of  data  hops  are  implemented  in  the 
system.  In  addition  to  the  above  channel  and  ECM  threats 
the  system  must  be  capable  of  operating  under  system  and 
equipment  induced  impairments  such  as  dc^pler  effects 
due  to  the  relative  motion  between  the  payload  and  the 
GT,  relative  payload  to  GT  clock  drift,  RF  group  delay 
variation,  and  RF  frequency  response  or  the  hop-to-hop 
amplitude  variation  as  a  function  of  frequency.  These 
impairments  are  listed  in  Table  11  along  with  the  assumed 
values  for  the  purposes  of  discussion  in  this  paper.  The 
doppier  effect  is  negligible  for  geostationary  orbits, 
however  for  non-geostationary,  elliptical  type  orbits  such 
as  Tundra  or  Molniya,  the  doppier  effects  can  be  as  severe 
as  documented  in  Table  II.  These  orbits  would  be  required 
in  a  tactical  theatre  of  operation  at  northern  latitudes, 
particularly  in  the  Arctic. 

2.3  Link  Budget  Requirements 

For  a  TACSAT  EHF  system,  it  is  assumed  that  a  5W 
SSPA  is  employed  on  the  payload.  Larger  amplifiers 
would  require  the  use  of  a  TWTA,  which  would  impact  on 
the  available  size  and  weight  of  the  payload.  The  antenna 
is  assumed  to  be  a  spot  beam  with  a  5“  beamwidth.  For 
this  size  of  amplifier  on  the  payload,  typical  receive  C/N, 
levels  at  the  ground  terminal  will  vary  from  50  to  60  dB- 
Hz  for  a  geostationary  orbit  in  clear  sky  conditions.  It 
should  be  noted  that  the  link  budget  must  also 
accommodate  rain  fade  margins  on  the  UL  and  the  DL. 
Depending  on  the  desired  fade  margin  this  could 
potentially  restrict  the  DL  burst  data  rates  under  given 
channel  conditions. 

2.4  Initial  Acquisition  Estimates 

The  complexity  of  the  acquisition  phase  of  the 
synchronization  process  will  depend  significantly  on  the 


Table  II:  MDR  System  Impairments 


Impairment 

Magnitude 

Additive  Noise 

channel  dependent 

Scintillation 

charmei  dependent 

Doppler 

'SO  kHz 

Clock  Drift 

1  X  10’ 

Group  Delay 
Variation 

40  ns 

Frequency  Response 
Variation 

+/-  3  dB 

Jamming 

channel  dependent 

magnituOe  of  the  errors  in  the  initial  GT  estimates  of 
payload  pointing,  frequency  and  timing. 

2.4.1  Timing  Estimate 

The  error  in  the  initial  time  estimate  is  determined  by  the 
availability  of  an  accurate  time  reference  and  the  relative 
rate  of  drift  of  the  time  standard  maintained  by  the  GT 
with  respect  to  the  reference  time  standard  in  the  payload. 
With  the  availability  of  single  boaro  GPS  receivers,  an 
MDR  terminal  can  easily  maintain  time  accuracies  on  the 
order  of  microseconds.  If  GPS  or  similar  time  reference 
systems  are  not  available,  the  initial  error  in  the  estimate 
of  the  lime  error  would  likely  be  on  the  order  of 
milliseconds.  Given  the  current  level  of  technology,  an 
MDR  terminal  can  easily  accommodate  a  rubidium 
standard.  A  typical  value  of  relative  drift  rate  for  a 
rubidium  standard  is  5  x  10  '^  per  day.  The  resulting  error, 
even  after  several  days  of  uncalibraied  use  would  still  be 
less  than  a  microsecond.  For  purposes  of  discussion,  an 
initial  timing  error  is  50  milliseconds  is  assumed. 

2.4.2  Spatial  Pointing  Estimates 

The  accuracy  of  the  initial  spatial  pointing  estimate  is 
dependent  on  three  principal  parameters;  namely,  the  error 
in  the  GT’s  estimate  of  its  own  location,  the  initial  liming 
estimate,  and  the  accuracy  of  the  GT's  ephemeris 
algwiihm.  The  dependency  on  the  time  estimate  results 
from  the  fact  that  the  GT’s  estimate  of  the  satellite 
position  is  an  output  of  the  ephemeris  algorithm,  which 
employs  the  current  lime  estimate  as  an  input.  If  GPS  is 
available,  both  the  initial  time  estimate,  as  well  as  the 
GT's  position  will  be  known  to  a  high  degree  of  accuracy. 
Furthermore,  if  the  MDR  base  station  is  fixed  in  a  uctical 
theatre  of  operation,  the  location  of  the  GT  will  typically 
be  known  to  within  lO’s  of  meters,  cither  from  survey  or 
navigational  aids  and  an  accurate  time  standard  can  be 
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safely  assumed  In  eiiher  of  the  scenarios  described  above, 
the  only  effective  eiror  will  be  due  to  the  accuracy  of  the 
ephcmeris  algorithm.  A  very  conservative  estimate  is  that 
the  error  component  in  spatial  pointing  due  to  the 
ephemeris  algorithm  will  be  known  to  within  0.1*  in 
which  case  i^atial  acquisition  may  not  be  necessary.  If 
GPS  or  similar  time  standarxls  are  not  available  and  the 
location  of  the  GT  is  not  precisely  known,  the  contribution 
of  the  spatial  pointing  oror  due  to  the  error  in  the  estimate 
of  the  GT  location  will  become  significant.  In  a  tactical 
field  scenario  the  GT  location  will  typically  be  known  to 
much  better  than  10  km.,  resulting  in  a  contribution  to  the 
spatial  pointing  error  of  less  than  0.1*.  Thus  the  total 
pointing  error  should  be  less  than  0.2*. 

2.43  Frequency  Estimates 

The  initial  error  in  the  frequency  estimate  will  be  due  to 
a  combination  of  the  accuracy  of  the  ephemeris  algorithm 
in  estimating  motion  induced  doppler  effects  and  the 
relative  frequency  drift  between  the  time  standards  of  the 
payload  and  the  ground  terminal.  For  the  orbits  referenced 
in  section  2.2,  the  worst  case  unresolved  doppler  error  will 
be  on  the  order  of  1  to  2  kHz,  Again  assuming  the 
presence  of  a  rubidium  standard  in  the  GT,  the  frequency 
error  due  to  relative  clock  drift  will  be  negligible  for 
purposes  of  .hese  discussions. 

3  SPATIAL  ACQUISITION 

To  achieve  spatial  synchronization,  the  ground  terminal 
must  be  capable  of  acquiring  and  tracking  the  pointing  of 
the  antenna  typically  to  within  an  angle  corresponding  to 
a  1 .0  dB  loss  in  gain.  In  an  MDR  system  there  are  several 
factors  that  will  impact  on  the  spatial  syrKhronization 
algorithm  to  be  selected.  If  the  initial  spatial  pointing 
error  is  relatively  large,  such  as  on  the  order  of  one  to  two 
3  dB  beamwidths,  spatial  acquisition  will  likely  have  to 
consist  of  two  phases,  a  coarse  spatial  acquisition  phase, 
and  a  fine  spatial  acquisition  phase.  The  coarse  spatial 
acquisition  phase  can  consist  of  a  stepped  or  continuous 
search  pattern,  normally  in  steps  of  one  3  dB  beamwidth, 
out  from  the  best  initial  estimate  as  provided  by  the 
ephemeris  algmithm. 

Since  in  MDR  the  DL  is  capacity  limited,  it  is  desirable  to 
have  an  aiuenna  with  as  high  gain  as  practical.  However 
high  gain  antennas  have  narrower  beamwidths,  resulting  in 
larger  attenuations  for  the  same  error  in  spatial  pointing. 
Typical  UL  and  DL  antenna  beam  characteristics  for  EHF 
frequencies  are  given  in  Table  HI  as  a  function  of  antenna 
''iaroeter.  As  discussed  in  section  2.4.2,  the  initial  pointing 
error  for  an  MDR  terminal  is  usually  less  than  0.1*.  in 
which  case  a  coarse  spatial  search  stage  is  not  required. 
For  example,  it  can  be  seen  that  for  a  2.4  meter  antenna, 
that  a  pointing  error  of  0.1*  coiresptonds  to  the  3  dB 
beamwidth.  For  a  tactical  environment  in  which  larger 
initial  pointing  errors  may  be  incurred,  the  antenna  size 
will  t>pically  be  smallo",  on  the  ewder  of  1  meter.  In  such 
a  scenario  the  pointing  error  of  0.2°  discussed  in  2.4.2  will 
fait  within  the  3  dB  beamwidth.  In  such  cases  spatial 


acquisition  would  only  need  to  consist  of  the  fine  spatial 
acquisition  stage.  The  most  common  algorithm  employed 
is  a  conical  scan  tracking  loop  about  a  1  dB  contour.  Such 
loops  can  rapidly  acquire  in  AWGN  in  the  order  of 
seconds  from  initial  pointing  errors  within  the  3  dB 
contour  of  the  antenna.  This  is  sufficient  for  most  MDR 
EHF  antennas  as  discussed  above. 


Table  ID:  Typical  EHF  Antenna  Characteristics 


Antenna 

Diameter 

1  dB  Point 
(degrees) 

3  dB  Point 
(degrees) 

0.14  DL 

2.2 

3.8 

0.14  UL 

1.0 

1.75 

1.0  DL 

0.3 

0.53 

I.OUL 

0.14 

0.24 

1,8  DL 

0.18 

0.3 

1.8  UL 

0.09 

0.18 

2.4  DL 

0.13 

0.21 

2.4  UL 

0.06 

O.l 

If  the  initial  pointing  error  exceeds  the  3  dB  contour  of  the 
antenna,  or  if  jamming  or  scintillation  is  present,  it  may  be 
necessary  to  employ  a  coarse  acquis ’’on  search.  Spiral  or 
stepped  searches  may  be  employed,  hcv  cver  there  is  an 
additional  consideration  for  an  MDR  terminal.  If  the 
pointing  error  is  outside  the  3  dB  region,  it  is  posrhie  that 
the  spatial  search  may  point  to  a  sidelobe  at  the  payload. 
In  a  high  SNR  environment  a  detection  may  occur, 
resulting  in  a  false  locking  of  the  spatial  pointing  on  a 
sidelobe.  One  solution  is  to  collect  statistics  from  ail 
possible  search  regions,  however  this  impacts  the 
acquisition  time.  An  alternate  approach  is  to  employ  a 
gimbaJ  scan  about  a  larger  contour  than  that  employed  for 
ihe  conical  scan.  The  processing  would  be  identical.  If  the 
contour  of  the  gimbal  scan  is  judicioasly  chosen  with 
respect  to  the  overall  search  region,  the  gimbal  scan  will 
always  encompass  the  mainlobe  of  the  antenna.  Other 
considerations  include  the  increased  sensitivity  of  the 
conical  scan  to  pointing  errors  due  to  the  higher  slope  of 
the  beamshape  in  high  gam  antennas,  as  well  as  the  effects 
of  frequency  fiamess  variation  on  the  subility  of  the 
conical  scan  processing. 

4  TIME  ACQUISITION 
4.1  Overview 

Time  acquisition  is  divided  into  two  stages;  namely,  DL 


and  UL  time  acquisition.  Due  to  the  tactical  requirement 
that  the  MDR  EHF  system  have  a  multiple  access 
capability,  it  is  necessary  for  the  payload  to  dynamically 
assign  data  hops  and  theatres.  Since  a  GT  in  a  given 
theatre  does  not  have  knowledge  of  which  hops  have 
actual  data  untU  after  acquisition  has  been  completed.  DL 
synchtonizatioD  is  accomplished  through  the  use  of 
specialized  synchronization  hops.  These  hops  must  occur 
in  known  locations  in  the  downlink  datalink  structure.  DL 
acquisition  is  achieved  by  detecting  the  presence  of  the 
synchronization  hops  which  are  periodically  transmitted  to 
each  theatre  of  operation.  Since  the  detection  of  these  hops 
cannot  take  place  unless  the  antenna  is  pointing  at  the 
payload,  the  time  acquisition  process  is  performed 
concurrently  with  the  spatial  acquisition  procedure 
described  in  section  3.  As  for  spatial  acquisition,  the  DL 
acquisition  process  consists  of  a  coarse  and  fine  stage.  The 
coarse  stage  synchronizes  the  DL  timing  to  within  1  DL 
hop,  providing  the  ground  terminal  knowledge  of  the 
correct  point  in  the  frequency  hopping  sequence  relative  to 
the  GT  lime-of-day  (TOD).  A  second  fine  stage  of  DL 
time  acquisition  is  required  to  attain  the  DL  timing  to 
within  a  DPSK  chip  or  symbol  period. 

It  should  be  noted  that  the  use  ot  time  permutation  to 
combat  partial  time  jamming  adds  complexity  and  delay  to 
the  acquisition  process.  The  position  of  the  permuted 
synchronization  hops  must  be  calculated  based  on  the 
estimated  TOD  and  the  hopping  pattern.  The  additional 
delay  will  be  on  the  order  of  the  period  over  which  the 
permutation  lakes  place,  for  example  a  frame. 

4.2  Coarse  DL  Time  Acquisition 

Since  the  DL  is  in  a  TDMA  format,  the  SNR  in  a  hop  is 

related  to  the  required  symbol  SNR  by  the  following 

relationship 


Ei.h.  (1) 

in  which  is  the  hop-energy-to-noise-spectral -density 
ratio,  EyNo  is  the  coded-symbol-energy-to-noisc-spectral- 
density  ratio,  R,  is  coded  symbol  rate  of  a  single  channel, 
Dj  is  the  number  of  downlink  TDMA  slots  corresponding 
to  the  number  of  uplink  channels,  and  is  the  hop  rate. 
For  data  communications  the  specified  value  of  E^j  is 
fixed  by  the  required  bit  error  rale,  and  the  hop  rate  is 
typically  fixed  for  a  given  system.  Thus  as  the  number  of 
uplink  channels  and/or  the  channel  data  rate  is  increased, 
the  level  of  E^,  must  be  increased  to  maintain  the  same 
level  of  E^'Np.  Since  MDR  systems  must  support  data  rales 
up  to  Tl,  the  resulting  Ei/N,  is  high.  As  an  er.  mplc 
suppo.se  a  MDR  system  has  8  channels,  rate  1/2  coding,  a 
hop  rate  of  10  kHz  and  a  Tl  dau  rate.  For  a  typical 
required  system  error  rate  between  10’  and  1(T*,  the 
required  value  of  E^,  is  roughly  7  dB.  For  the  values 
noted  above,  the  resulting  E^/N,  will  exceed  40  dB. 


Similar  values  can  be  obtained  fw  a  jamming  environment 
Detection  of  the  coarse  DL  synchronization  hops  can  thus 
easily  be  made  based  on  energy  measurements.  The  format 
of  the  coarse  synchronization  hops  need  not  be  complex, 
but  should  be  selected  to  allow  a  high  probability  of 
detection  (Po),  and  a  low  probability  of  false  alarm  (Pp*). 
This  is  a  common  radar  problem,  and  numerous 
waveforms  can  be  selected{4|.  A  simple  example  is  a 
modulated  CW  tone. 

Fme  DL  time  acquisition  is  necessary  to  obtain  the  DL 
timing  to  within  a  symbol  period,  as  well  as  to  recover  the 
symbol  rate  clock.  The  DL  liming  accuracy  is  affected  by 
the  following  factors;  satellite  motion  induced  doppler 
effects,  relative  clock  drift  between  the  payload  reference 
clock  and  the  GT  clock,  group  delay  variation  introduced 
by  the  channel  or  the  equipment,  and  the  timing  jitter 
introduced  by  the  synchronization  process  itself.  As 
discussed  in  section  2.4.3,  the  unresolved  doppler  can  be 
up  to  2  kHz,  resulting  in  a  timing  variation  on  the  coxier  of 
100  nsec/sec.  Furthermore,  the  group  delay  variation  can 
be  on  the  order  of  40  nsec.  Given  the  TDMA  nature  of  the 
MDR  downlink,  and  data  rates  up  to  Tl.  the  burst  symbol 
rate  of  the  DL  will  typically  be  on  the  order  of  10  MHz  to 
100  MHz,  depending  on  the  number  of  slots.  In  the 
example  given  above  the  symbol  period  would  be  40  nsec. 
Fine  timing  on  the  DL  can  be  achieved  by  sending  fine 
synchronization  hops  consisting  of  a  unique  word  which 
can  be  correlated  at  the  GT.  The  number  of  fine 
synchronization  hops  and  the  period  between  arrival  of 
fine  synchronization  hops  is  dictated  by  magnitude  of  the 
timing  error  that  accumulates  between  synchronization 
hops.  The  number  of  DL  synchronization  hops  must  be 
sufficient  to  allow  for  all  theatres  of  operation  to  be 
visited.  The  principal  source  of  liming  error  that  will  be 
removed  by  the  fine  synchronization  hops  is  the 
unresolved  doppler  error  as  well  as  clock  drift  error.  Once 
fine  liming  has  been  obtained  on  the  DL,  the  GT  must 
track  the  DL  liming.  Doppler  and  ctnrV  drift  must  be 
tracked  in  order  that  the  DL  and  UL  timing  of  the  GT  can 
be  adjusted  to  compensate  for  these  effects.  The  liming 
jitter  induced  by  the  synchronization  algorithm  is  a 
function  of  the  complexity  of  the  feedback  loop  design  and 
can  be  separately  minimized. 

4J  DL  Time  Tracking 

In  addition  to  tracking  doppler  and  clock  drift,  each  DL 
data  hop  must  be  compensated  for  the  effects  of  group 
delay  variation.  At  the  MDR  burst  symbol  rate,  the  group 
delay  variation  from  one  hop  to  the  next  can  be  one  or 
more  symbol  perixxls  as  discussed  in  section  4.X  Thus 
each  dau  hop  must  be  rcsynchronized  to  the  DL  liming  to 
cnsi.re  that  no  dau  symbols  arc  lost  or  that  the  symbol 
timing  of  the  receivea  symbols  is  not  misaligned.  This  can 
be  achieved  by  encoding  a  known  preamble  at  the  sun  of 
each  daU  hop.  The  GT  will  correlate  the  received 
preamble  against  the  transmitted  preamble  and  align  the 
timing  to  within  half  a  symbol  period  by  detecting  the 
peak  of  the  correlation  process.  The  length  of  the  unique 
word  selected  for  the  correlation  process  is  a  fimetion  of 


the  SNR  that  is  required  to  obtain  the  desired  Pq  and  Pp^ 
of  each  data  hop.  It  should  be  noted  that  these  values  do 
not  have  to  be  overiy  stringent,  sinoe  in  fact  the 
probability  of  synchronizing  P,  is  driven  by  the  required 
BER  performance  [Si.  If  the  preamble  in  a  given  hop  is 
not  properly  corrdated,  on  average  half  of  the  symbols  in 
the  hop  will  be  in  error.  Thus  the  probability  of  error  out 
of  the  GT  demodulator  is  given  by  the  following 
expression 


P» _ -  Paw  •  P,  ♦  0-5  (  1  -  P,  )  (2) 


in  which  Poqiod  ^  probability  of  bit  error  at  the  output 
of  the  demodulator,  and  Pqps  ts  the  probability  of  bit  enor 
of  a  DPSK  modulated  signal.  If  the  demodulator  is 
followed  by  diversity  combining,  the  value  of  P,  can  be 
poor,  and  yet  still  allow  robust  performance.  For  example 
assuming  a  basic  majority  logic  combining  approach,  in 
which  hops  are  diversified  the  BER  at  the  output  of  the 
diversity  combination  circuitry  will  be  given  by 

j  Baton'  ^  ”  ^Dtyao 


in  which  is  the  probability  of  bit  error  at  the  output  of 
the  diversity  combination  circuitry.  Plots  of  Pgrvs  versus 
Ej/N,  are  given  in  Figure  3.  It  can  be  seen  that  even  with 
a  modest  diversity  of  L  =  11,  that  a  BER  of  less  than  0.02 
can  be  obtained  at  low  even  for  P,  values  as  poor  as 
0.7.  This  PER  into  a  good  EEC  will  give  an  overall  BER 
of  less  than  10'^.  In  an  operational  system,  other  more 
robust  diversity  combining  techniques  may  be  employed. 

4.4  Unique  Word  Selection 

The  probability  of  false  alarm  in  the  detection  of  an 
erroneous  preamble  is  dictated  by  the  size  of  the  sideiobes 
of  the  unique  word.  Unique  words  with  ideal  correlation 
properties  such  as  Baricer  type  codes  can  only  be  found  for 
a  few  shorter  length  sequences,  where  ideal  correlation  of 
a  unique  word  of  length  M  shall  is  defmed  as  M  for 
perfect  alignment  and  +/-  1  elsewhere.  By  shortening  the 
decision  window  of  the  unique  word  and  considering  only 
sideiobes  within  the  defined  window,  it  is  possible  to 
attain  a  higher  processing  gain  for  the  unique  word.  The 
width  of  the  window  must  be  long  enough  however,  to 
ac^ommodale  any  potential  group  delay  variation  and 
accumulated  clock  drift. 

4.5  UL  Time  Acquisition  and  Tracking 

When  the  GT  initially  begins  acquiring,  the  total  time 
uncertainty  is  dominated  by  the  error  in  the  estimate  of  the 
range  to  the  satellite  and  the  error  in  the  position  of  the 
GT,  Acquiring  the  DL  timing  resolves  one  of  these 
parameters.  In  order  to  resolve  the  second  parameter,  the 


time  at  which  the  UL  tnnaznissions  occur  naut  be  adjusted 
to  ensure  that  the  data  hops  arrive  at  the  payload  within 
the  processing  window  for  the  UL  hop*.  This  is  best 
achieved  by  a  closed  loop  process  in  which  specialized 
synchronizatiOQ  probes  are  transmitted  in  known  waveform 
locations  to  the  payload.  The  payload  detects  the  position 
of  these  hops  relative  to  the  nominal  locations  and 
transmits  specialized  respeaues  to  the  GT  that  contain  the 
required  adjustment  of  the  GT  UL  timing  in  order  to 
ensure  that  the  UL  hops  transmitted  by  the  GT  arrive  at 
the  payload  with  the  correct  tuning.  As  is  the  case  for  the 
DL  liming,  the  UL  probes  will  contain  unique  words  that 
should  be  judiciously  chosen  to  allow  for  an  optimal  value 
of  Po  and  relative  to  the  size  of  the  search  window  for 
UL  timing. 

After  UL  time  synchronization  has  been  achieved,  the 
accuracy  of  the  UL  hop  period  matching  is  constrained  to 

i  ±  (.^Di  *  T,  *  T^)  (4) 


in  which  T _ _  is  the  UL  liming  hop  mismatch.  Tjn.  is  the 

error  in  the  DL  timing  estimate.  T,  is  the  worst  case  group 
delay  vanation.  and  T,,,  is  the  residual  error  in  the  UL 
timing  from  the  previous  UL  time  estimate.  ITie  residual 
UL  error  T^^  is  no  worse  than  the  accuracy  provided  by 
the  coarse  or  fine  DL  synchronization  responses.  Fot  MDR 
systems,  T,,,^  will  exceed  the  period  of  a  DL  symbol, 
requiring  that  the  UL  data  hops  have  preambles  with 
unique  words  to  permit  hop-to-hop  correlation  of  the 
liming.  The  size  of  T„^  will  dictate  the  size  of  the 
processing  window  in  the  payload  and  the  size  of  guard 
bands  in  the  UL  hops. 

An  additional  consideration  in  the  design  of  an  UL  timing 
and  tracking  protocol  is  the  placement  of  the  probes  in  the 
UL  frame  structure.  Probes  can  be  assigned  on  either  a 
channel  basis  over  the  enure  frame,  or  on  a  TDMA  time 
slot  basis,  spanning  some  or  all  of  the  available  channels. 
Both  of  these  approaches  have  advantages  and 
disadvantages.  UL  probes  assigned  on  a  channel  ba.sis  will 
provide  more  throughput  to  an  assigned  user;  however,  the 
payload  must  possess  separate  front-ervi  processing  to 
detect  probes  from  one  theatre  of  operation  while  it 
processes  data  channels  from  a  separate  theatre  of 
operation.  In  contrast,  if  probes  are  assigned  on  a  TDMA 
time  slot  basis,  the  payload  can  delect  probes  from  one 
theatre  while  receiving  data  communications  from  another 
theatre  all  within  the  same  frame,  with  no  additional 
hardware.  The  disadvantage  to  this  approach  is  that  the 
amount  of  probe  capacity  available  to  the  GT  is  more 
restricted  than  in  the  FDMA  approach. 

5  FREQUENCY  ACQUISITION 

The  principal  degradation  in  system  performance  due  to 
frequency  ciror  will  be  due  to  the  accuracy  of  the  bit 
liming  in  the  DPSK  demodulator  of  the  MDR  receiver.  In 
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an  MDR  system,  the  coded  symbd  rale  will  be  greater 
than  twice  the  Tl  rate,  or  3.2  MHz,  for  rate  1/2  FEC 
cod'ng.  Based  cn  a  relative  frequency  error  on  the  order  of 
1  to  2  kHz,  the  resulting  rtonnalized  bit  timing  error  at  the 
receiver  will  be  less  than  AfT  ~  0.001.  The  resulting 
degradation  in  a  DPSK  modulator  for  this  range  of  bit 
timirtg  error  is  negligible.  Thus  frequency  acquisition  and 
tracking  is  not  required  for  an  MDR  system. 

6  SYSTEM  SYNCHRONIZATION  ALGORITHM 

In  a  tactical  enviranment  it  is  paramount  that  the  overall 
synchronization  time  be  kept  to  a  minimum  while 
simultaneously  providing  capacity  to  synchronize  many 
users  at  once.  This  goal  can  be  accomplished  through  a 
combination  of  judicious  design  of  the  initial  parameter 
estimation  ctqtabilities  of  the  GT,  selection  of  a  robust 
synchronization  algorithm  and  optimization  of  the 
parameters  of  the  synchronizatimi  algorithm  affecting 
synchronization  time.  The  availability  at  the  ground 
terminal  of  accurate  TOD  information,  and  an  accurate 
cphemeris  algorithm  will  greatly  reduce  the  spatial- 
temporal  search  region,  allowing  rapid  acquisition 
However  the  algorithm  must  be  robust  in  the  sense  that  if 
accurate  initial  estimates  are  not  available,  the  GT  will  still 
acquire  the  payload.  In  addition  to  minimizing  the 
acquisition  time,  the  algorithm  must  also  simultaneously 
minimize  the  probability  of  false  synchronization. 
Considering  the  DL  and  UL  acquisition  processes 
separately,  the  overall  probability  of  correct 
synchronization  and  false  synchronization  arc  given  by 

Pa  -  P^DL)  •  PJiUL)  (5) 

and 

-  PrJiPLypjifjL)  *  Pjfj>Lyp,jm  * 
p,jj)Lyp,jjjVi 

in  which  PnfDL),  Po(UL),  Pp,^(DL),  and  Pp,^(UL)  are  the 
probabilities  of  detection  and  false  alarm  for  the  DL  and 
UL  synchronization  processes.  Figure  4  illustrates  a 
simplified  state  diagram  of  the  overall  synchronization 
process.  The  design  of  the  synchronization  algorithm 
involves  choosing  the  values  of  P^IDL),  PofUL),  Pp^^fDL), 
and  Ppa(UL)  so  as  to  minimize  the  acquisition  time  under 
the  desired  tactical  operating  conditions. 

For  the  overall  probability  of  detection  defined  in  equation 
(5),  the  detection  requirements  can  be  equally  partitioned 
to  the  UL  and  the  DL  as  a  starting  point  in  the  design 
However,  it  may  be  desirable  to  have  a  higher  Pq  on  the 
DL  and  a  lower  Pq  on  the  UL  under  certain  operating 
conditions.  A  DL  receive  only  mode  of  opetation  is  an 
example  of  such  a  scenario.  The  DL  detection  process 
itself  is  composed  of  the  coarse  and  fine  spatial  and  time 
acquisition  processes  described  in  sections  4  and  5  above. 
Thus  Pq(DL)  can  be  partitioned  into  a  function  of  the 
values  of  P^  and  Pp*  for  the  individual  coarse  and  fine 


synchronization  processes.  These  values  are  a  function  of 
the  number  of  detected  synchronization  bops  that 
constitute  an  overall  detection  (i.e.  a  choose  m  out  n 
detection  criteria),  the  SNR  at  which  tluy  are  received, 
and  the  chaimel  conditions.  Due  to  the  spstisl  search 
algorithm  and  the  frequeacy  flatness  variation  over  the 
hopping  ficquencies,  the  received  carrier  power  itself  will 
vary  with  frequeiwy  and  spatial  pointing.  The  flatness 
variation  results  in  a  uniformly  distributed  received  signal 
level  with  frequency,  whereas  ^atialiy,  the  received  signal 
level  is  a  function  of  the  antenna  beamshape  and  the  size 
of  the  spatial  search  region. 

In  equation  (6),  the  first  term  can  be  neglected,  since  it  is 
extremely  unlikely  that  the  UL  will  successfully  acquire  if 
the  DL  is  not  properly  synchronized.  The  dominant  term 
in  the  overall  process  is  the  second  term,  which  is  the 
probability  of  false  synchronization  of  UL  timing  given  the 
DL  is  correctly  acquired.  The  third  tenn  is  small  in 
comparison  to  the  second  term  if  Pp,^(DL)  and  Pp,^(UL)  are 
reasonably  chosen.  It  should  be  noted  that  even  though  the 
first  term  is  negligible,  a  large  value  of  Pp,^(DL)  will 
significantly  impact  the  acquisition  time,  since  the  DL 
acquisiuon  process  will  be  dependent  on  the  UL  process 
to  detect  false  alarms,  which  is  obviously  a  poor  design. 

In  order  to  be  robust  i'  Presence  of  jamming,  the 
coarse  and  fine  sync  detection  processing  will  require  a 
verification  stage.  The  verificabon  stage  in  general  will  be 
an  m  choose  n  type  of  decision,  in  which  m  of  n  expected 
sync  hops  will  have  to  be  detected  in  order  for  the  given 
stage  of  the  detection  process  to  be  declared  valid.  It 
should  be  noted  that  a  high  Pq  atxl  low  for  the  system 
does  not  necessarily  imply  a  requirement  for  high  a  Pq  and 
low  Pf^  on  individual  coarse  or  fine  DL  sync  hops.  For 
example,  if  the  system  requires  rapid  acquisition,  then  the 
values  of  Pg  and  PpA  for  the  individual  sync  hops  must  be 
close  to  the  Pg  of  the  overall  system,  to  ensure  that  there 
are  few  false  defections,  otherwise  the  synchronizatian 
process  will  expend  time  verifying  false  detections.  This 
would  require  m  and  n  chosen  to  be  large.  Such  an 
implementation  would  limit  the  number  of  sync  bops  that 
the  system  could  support  relative  to  its  data  capacity,  or 
limit  the  number  of  theatres  that  the  payload  could  provide 
synchronization  hops  to.  On  the  other  hand  the  overall  Pg 
and  PpA  could  be  met  by  lower  values  of  m  and  n,  which 
would  result  in  more  false  alarms  and  verification  steps, 
and  potentially  a  longer  acquisition  time.  The  design 
chosen  will  depend  not  only  on  the  capacity  of  the  datalink 
structure  to  support  the  algorithm,  but  the  size  of  the 
terminals.  Acquisition  by  larger  terminals  in  clear  sky 
conditions  can  be  supported  by  an  algorithm  with  low  m 
of  n,  however  smaller  terminals  will  require  longer 
acquisition  times,  particularly  in  a  TACSAT  environment 
in  which  the  DL  SNR  is  limited. 

7  CONCLUSION 

This  paper  has  examined  the  system  design  considerations 
for  synchronization  of  an  EHF  MDR  system  employing  a 
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Figure  3:  BER  as  a  function  of  Pj 
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Figure  4;  Simplified  Synchronization  State  Diagram 


TACSAT  payload.  Spatial  and  time  synchronization 
algorithms  have  been  presented  and  the  tradeoffs  in  the 
overall  actpiisition  and  synchronization  perftmnance  have 
been  discussed.  Based  on  the  tactical  requirements  of  the 
theatre  of  qieradon,  the  system  designer  must  judiciously 
choose  the  paramtim  of  the  algorithm  to  ensure  robust 
operation  while  simultaneously  minimizing  the  acquisition 
time. 
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1  SUMMARY 

This  paper  examines  communication !  coverage  from  five 
non-geostationary  satellite  orbits.  These  orbits  are 
circular  inclined  synchronous,  GPS,  Molniya  12  and  24 
hour,  and  Tundra  orbit.  It  also  shows  the  increase  in 
propagation  loss  due  to  rxegular  terrain  and  the  foliage 
loss  at  mm  waves,  as  well  as  the  combined  effect  of  terrain 
and  foliage  on  satellite  view  duration.  It  concludes  that 
coverage  calculations  for  EHF  salcom  earth  terminals 
need  to  take  into  account  terrain  and  foliage  losses. 

2  LIST  OF  SYMBOLS 

*  degree 

’  minute 

AMSL  above  mean  sea  level 

CIS  circular  inclined  synchrenous 

ft  feet 

GPS  global  positioning  system 
kft  kilo-feet  (1000  ft  =  304.8  m) 
km  kilometre 
mi  mile  (5280  ft  =  1609.34  m) 

Mol  12  Molniya  12  hour  orbit 
Mol24  Molniya  24  hour  orbit 
Tundr  Tundra  orbit 
WA  Washington  State,  USA 

3  INTRODUCTION 

Geostationary  satellites  are  e.\pensive,  afford  poor 
visibility  and  degraded  performance  in  tlie  northern  zones 
and  may  be  not  have  coverage  over  a  sptecific  theater. 
Lightweight  satellites  tactical  satellites  (TACSATS)  in 
non-geostationary  orbits  for  use  over  a  specific  theater  are 
an  alternative. 

Satellite  "footprint  "  estimation  invariably  ignores  the 
effect  of  terrain  on  coverage  and  communications' 

This  is  justifiable  when  the  earth  terminal  is  in  a  barren 
flat  terrain,  and  the  satellite  elevation  angle  is  high. 
However,  there  may  be  considerable  effect  of  the 
surrounding  irregular  terrain  (mountains),  in  particular 
wnen  the  satellite  elevation  angle  is  small,  on 
communications  with  a  manpack,  a  shipbome  or  a 
tran.sportable  terminal.  This  paper  will  examine  the  effect 
of  terrain  and  foliage  on  communications  coverage  of 
earth  terminals  with  non-geostationary  .satellites. 


For  lactival  reasons,  there  is  a  need  for  communication 
that  is  available  continuously,  is  secure,  has  low 
probability  of  intercept,  has  nuclear  survivability,  is 
immune  to  EMP,  has  anti-jam  features,  and  is  reliaole. 
Reliability  is  determined  by  system  availability  (99.99% 
etc.)  and  is  defined  by  the  system  specifications. 
Although  aunospheric  absorption  loss,  effect  of  rain, 
nuclear  event,  jamming,  etc.  are  included  in  the  "fade" 
margin,  the  effects  of  terrain  and  vegetation  are  usually 
ignored.  Inclusion  of  terrain,  obsu'uction  and  vegetation 
losses  will  make  the  system  specifications  more  complete, 
so  these  losses  are  examined  in  this  paper. 

4  NON-GEOSTATIONARY  ORBITS 
fhe  TACSATS  may  use  polar  orbits,  inclined  circular 
orbits  (e.g.  circular  inclined  synchronous),  and  inclined 
elliptical  orbit  (e.g.  Molniya  and  Tundra).  The  elevation 
angle  and  its  variation  is  determined  by  orbit  and  location 
of  the  earth  terminal.  The  elevation  and  azimuth  and  its 
variation  with  time  for  the  above  orbits  are  presented  for 
Seal  Rock,  Washington,  USA. 

4.1  Orbits 

The  five  non-geostationary  orbits  considered  here  are 
listed  below; 

*  Circular  Inclined  Synenrorwus  (CIS) 

*  Global  Positioning  System  (GPS) 

*  Molniya  12  Hour  (Moll!) 

*  Molniya  24  Hour  (Mol24) 

*  Tundra  (Tundr) 

To  detennine  the  size,  shape,  orientation  relative  to  earth 
of  an  inclined  orbit,  and  the  position  of  a  satellite  in  its 
orbit,  6  orbital  parameters  are  required.  For  the  five  orbits 
listed  above  these  6  parameters  are  given  in  Table  1. 

4.2  Elevation  Variation 

Variation  of  elevation  over  a  24  hour  period  of  the 
.satellites  in  different  orbits  as  viewed  from  Seal  Rock 
Washington  State,  USA  are  shown  in  Fig.  1 .  The  Molniy 
24  hour  orbit  rises  to  an  impressive  elevation  of 
approximately  89'.  The  maximum  elevation  angle  is  36' 
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Parameters 

Values  for 
Circular 
Inclined 
Synchronous 
Orbit 

Values  for 
GPS-012  Orbit 

Values  for 
Molniya  12 
Orbit 

Values  for 
Molniya  24 
Orbit 

Values  for 
Tundra  Orbit 

Catalog  Number 

cis 

gps'012 

mol  12 

mol24 

tundr 

Epoch  Time 

78/06/20 

89/02/25 

78/06/20 

78/06/20 

78/06/20 

21:36:00  UTC 

01:41:49  UTC 

21:36:00  UTC 

21:36:00  UTC 

21:36:00  UTC 

Element  Set 

1 

2 

3 

4 

5 

Inclination 

40.0° 

55. 1294° 

63.4° 

63.4° 

63.4° 

RA  of  Node 

345° 

216.2430° 

275° 

65° 

20° 

Eccentricity  (e) 

0.0 

0.0090905 

0.73 

0.73 

0.374 

Arg  of  Perigee 

o 

o 

180.3094° 

-90° 

-90° 

-90° 

Mean  Anomaly 

O 

b 

o 

179.6527° 

0.0° 

0.0° 

p 

b 

o 

Mean  Motion 
(Rev/Day) 

One 

2.01388764 

Two 

One 

One 

Decay  Rate, 

Drag,  iRev/Day^) 

O.Oe-f-OO 

1.500e-07 

0.0e^-00 

O.Oe-hOO 

O.Oe-t-OO 

Epoch  Rev 

One 

17 

One 

One 

One 

Serm-Major  Axis 
(a) 

42164  km 

26487.80  km 

26561.789  km 

42164  km 

42164  km 

Molniva24 


Molniva  12 


Tundra 


Time  (Hours) 

g.  1.  Elevation  angle  variation  for  different  orbits 
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Fig,  2.  The  Tundra  orbit  has  an  eccentricity  of  0.374 
and  inclination  of  63.4  degrees. 

o 

90 


Fig.  3.  Azimuth  and  elevation  variation  for  the  Molniya  12  orbit. 


for  Molniya  12  hour  orbit,  33‘  for  the  Tutrdra  orbit,  39' 
for  the  GPS  orbit,  and  1 2*  for  CIS  orbit.  Of  the  five  orbits 
Molniya  24  and  Tundra  are  particularly  attractive  because 
elevation  angle  is  >  =30'  for  12  hours. 

The  Molniya  and  Tundra  orbits  are  known  for  their  high 
degree  of  eccentricity  0.73  and  0.3  74  respectively,  and  an 
inclination  (63.4'),  Their  key  benefits  are  coverage  of  the 
northern  latitudes  and  a  prolonged  hang-time  at  the 
apogee.  A  trajectory  and  a  view  of  the  earth  for  an  inclined 
orbit  are  presented  in  Fig.  2. 

Not  only  the  elevation  variation  but  also  the  azimuth 
van  ation  needs  to  be  considered  for  coverage  and  antenna 
pointing  purposes.  For  a  unity  ranTC  (assumed),  the 
azimuth  and  elevation  variation  for  the  Moiniya  12  hour 
orbit  are  shown  in  Fig.  3:  note  that  the  diagram  is  not  to 
scale  and  it  is  included  to  exhibit  antenna  pointing  only. 

S  EFFECT  OF  TERRAIN 

5.1  Selection  of  Site 

To  study  the  possible  impact  of  terrain  on  coverage  Seal 
Rock  was  chosen  foi  analysis  *'or  the  following  reasons: 

•  It  is  representative  of  t^.e  West  Coast  of  North 
America  and  Northern  Europe 

•  The  site  has  water,  fiat  te^^ain,  and  mountainous 
terrain  (Olympic  Peninsular)  in  its  vicinity 

•  Terrain  data  (3  arc-second)  is  available 

The  coordinates  of  Seal  Rock,  WA  are  AT'AV  N  and 
122';53’  W.  A  map  of  the  area  in  the  proximity  of  Seal 
Rock,  WA  is  shown  in  Fig.  4.  and  a  two-dimensional 
topographic  plot  with  contours  is  shown  in  Fig.  5. 

5.2  3-D  View  of  Terrain  Area 

A  3-dimensional  plot  of  the  area  (17x20  mi‘)  shown  in 
Fig.  5  presented  in  Fig.  6.  The  north-west  view  shows 
constant  -  elevation  above  mean  sea  level  (AMSL) 
contours.  (Note  that  the  vertical  scale  is  in  feet,  and  the 
horizontal  scales  are  in  miles.)  From  topological  plots  of 
Figs.  5  and  6  it  can  be  seen  that  there  is  water  with  a  few 
islands  to  east  of  the  site,  but  land  and  steeply  rising 
mountains  to  the  west  The  highest  mountains  lie  to  the 
northwest  of  Seal  Rock,  WA  some  of  these  are  over  6000 
ft  high. 

5.3  Terrain  Radials 

For  the  purposes  of  propagation  analysis  it  is  more 
appropriate  to  examine  the  terrain  data  for  the  relevant 
azimuths.  (Note  O'  or  360'  azimuth  corresponds  to  North, 


90'  azimuth  to  East,  etc.).  Radial  terrain  data  centered  at 

Seal  Rock,  WA  for  O',  15',  30' .  345'  azimuths  every 

0.1  mi  was  extracted  from  a  3  arc-second  data  base. 

From  Fig.  3,  it  can  be  seen  that  the  azimuths  305'±15' 
and  50'±15'  are  relevant  for  the  .Molniya  12  hour  orbit. 
Terrain  elevation  vanations  'fL  AMSL)  along  300'  and 
315'  azimuth  radials  are  shown  in  Figs.  7  and  8 
respectively.  From  these  radials,  assuming  barren  terrain 
(absence  of  foliage),  the  terrain  cievauon  angle  is  =10’ 
from  Seal  Rock.  WA,  Thus,  if  the  satellite  elevation  angle 
IS  >  10'  there  is  no  effect  of  barren  terrain  on  coverage 
duration. 

5.4  Effect  of  Terrain  on  Coverage 
The  effect  of  barren  terrain  on  coverage  is  shown  in  Fig. 
9  at  30  GHz.  A  representative  satellite  elevation  of  20' 
and  terrestrial  antenna  elevation  of  1  ft  AMSL  (c.g.  for  a 
submarine  terminal)  were  a.ssumed.  Radial  terrain  data 
as  described  above  was  used.  Each  curve  is  an  equi-field 
su'  ngth  contour;  the  labels  of  the  contour  are  relative 
values  in  dB's;  the  absolute  value  is  meaningless. 
Bullington  method  was  ti.scd  to  compute  the  obstruction 
loss.  The  path  loss  is  determined  by  the  degree  to  which 
obstructions  peneuate  the  Fresnel  zone.  Effect  of  the 
mountains  (Olympic  Peninsular)  to  the  nonh-westof  Seal 
Rock  on  propagation  and  coverage  is  evident  from  Fig.  9. 

Fig.  10  is  similar  to  Fig.  9,  except  that  the  antenna  height 
has  been  increased  by  60  ft.  A  comparison  of  -120  and 
-114  dB  signal  contours  in  Figs.  9  and  10  respectively 
shows  that  signal  level  at  given  distance  increased  by 
approximately  6  dB  with  the  increase  in  antenna  height 
As  expected  there  is  no  relief  in  propagation  loss  in  the 
north  westerly  direction. 

The  field  computations  in  Figs.  9  and  10  do  not  include 
the  effects  of  multipath  or  foliage.  The  signal  probability 
distribution  will  depend  on  the  earth  terminal 
surroundings.  Indeed  it  is  conjectured  that  as  the  satellite 
begins  to  come  into  view  and  rises  the  signal  statistics 
will  change  from  log-normal  shadowing  to  Rayleigh  to 
Rician  probability  distributions. 

To  summarize,  the  distant  irregular  barren  terrain  even 
when  it  is  steep  has  an  elevauon  of  10'  only  and  does  not 
reduce  the  satellite  angulai  (elevation)  view.  The 
irregular  terrain  however  introduces  an  obstruction  loss 
as  shown  in  Figs.  9  and  10.  More  important  are  the  terrain 
and  foliage  characteristics  in  the  immediate  vicinity  of 
the  terrestrial  antenna;  effects  of  these  are  considered  in 
the  following  sections. 
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3.  Equi-field  strength  contours;  antenna  V  AMSL  (e.g.  submarine). 


Fig.  10.  Equi-field  strength  contours;  antenna  61’  AMSL. 
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6  EFFECT  OF  FOLIAGE 

6.1  Foliage  Penetration  Loss 

There  is  a  paucity  of  data  on  propagation  loss  through 
foliage  at  millimeter  waves.  Some  information  is 
available*'  In  general  the  propagation  loss  through 
foliage  increases  with  frequency’  reaching  formidable 
value  at  30GHzof”5dB/m.  Attenuation  due  to  foliage 
is  given  by’; 

a=  k  /’•’*  dB/hi 
where,  k  is  in  the  0.25-0.50  range 
/ is  the  frequency  in  GHz 

6.2  Effect  of  Foliage  on  Satellite  View 

The  propagation  loss  due  to  foliage  depends  on  the  height 
of  foliage  and  its  distance  from  the  terrestrial  antenna  as 
these  factors  determine  the  path  length  through  the 
foliage,  which  in  turn  determines  the  minimum  useable 
elevation  angle  of  the  satellite  orbit.  The  foliage  loss 
produces  a  loss  (depression)  in  the  useable  eievauon 
angle.  A  plot  of  loss  in  useable  elevation  angle  vs.  foliage 
attenuation  that  can  be  tolerated  is  shown  in  Fig.  1 1  with 
foliage  height  as  parameter  at  30  GHz. 

From  Fig.  1 1 ,  it  can  be  seen  that  even  with  a  very  generous 
margin  of  10  dB  for  foliage  loss  only  =2  m  of  propagation 
path  length  through  foliage  car  be  tolerated,  furthermore 
a  =2'  depression  in  view  angle  below  the  tree  tops  is 
sufficient  to  consume  the  margin!  That  is,  reliable 
propagation  at  mm  waves  can  be  achieved  only  when  the 
satellite  is  visible  above  the  tree  tops. 

63  Combined  Effect  of  Foliage  &  Terrain 
The  combined  effect  of  foliage  and  irregular  terrain  can 
be  substantial;  particularly  if  the  foliage  is  tall  and  the 
terrain  rises  sharply  in  the  vicinity  of  the  terrestrial 
terminal.  Near  the  west  coast  of  Canada  and  USA  the 
foliage  consists  of  coniferous  trees  =1(X)  ft  tall,  and  the 
terrain  is  mountainous. 

The  elevation  view  angles  of  60  ft  high  foliage  at  30  ft. 
45  ft,  60  ft,  75  ft  and  90  ft  distances  from  the  terrestrial 
terminal  are  63',  53",  45’,  39'  and  34“  respectively  on  a 
flat  terrain.  However,  if  the  foliage  is  on  terrain  with  5* 
grade,  the  view  angles  arc  68',  58',  50',  44'  and  39'  at 
distances  of  30  ft,  45  ft,  60  ft,  75  ft  and  90  ft  respecuvely. 

The  combined  effect  can  be  to  limit  the  unobstructed 
satellite  useable  view  to  elevation  angles  of  >45'!  This 
suggests  that  satellite  orbits  that  provide  high  elevation 
angle  be  used,  the  terminal  be  used  only  when  the  satellite 
elevation  angle  is  high,  and  the  terrestrial  terminal  be  set 
up  far  far  away  from  foliage  i.e.  in  a  clear  area. 


Incidentally,  the  requirement  to  set  up  the  terminal  in  a 
clear  area  could  compromise  covert  operation  under  battle 
conditions. 

6.4  Comments 
To  recapitulate: 

*  In  barren  environment  the  useable  elevation  angle  is 
unaffected 

*  Distant  mountainous  terrain  does  not  significantly 
reduce  the  useable  duration  of  the  satellite 

’  Presence  of  vegetation,  trees  specifically  and 
particularly  in  the  vicinity  of  the  terrestrial  terminal, 
reduce  the  useable  duration  of  the  satellite 

*  Tree  covered  mountainous  terrain  exacerbates  the 
effect  of  trees  by  reducing  the  useable  duration  of 
the  satellite 

*  Manpack.  transportable  and  land-mobile  terminals 
are  affected  by  terrain  and  trees,  but  the  airborne 
terminals  and  shipbome  terminals  at  open  sea  s  z  not 
affected 

*  In  the  presence  of  trees  the  fading  mightchange  from 
log-normal  shadowing  to  Rayleigh  to  Rician  as  the 
moving  satellite  comes  into  view  and  rises 

*  Effect  of  foliage  of  different  kinds  and  heights  needs 
to  be  studied 

7  SUMMARY  &  CONCLUSIONS 

*  Elevation  angles  for  satellites  in  5  different  orbits  at 
Seal  Rock,  WA  have  been  examined.  Expectedly 
the  visibility  of  the  satellites  in  the  5  orbits  is  not 
idenucal.  CIS  and  GPS  elevations  angles  are  low 
and  the  satellites  are  available  for  shorter  duration. 
Molniya  24  has  high  elevation  and  it  is  visible  for  a 
substantial  pan  of  the  day. 

*  Terrain  and  coverage  prediction  analysis  has  been 
done  by  extracting  terrain  from  a  3  arc-sec  data  base 
and  using  the  Bullington  method  for  computing  the 
field.  Effect  of  terrain  on  propagation  loss  as  well 
as  the  effect  of  raising  (/lowering)  the  antenna 
elevation  has  been  shown. 

*  There  is  a  paucity  of  propagation  loss  data  in  general 
and  through  foliage  in  particular  at  mm  waves. 
Measurements  need  to  be  made  to  determine  the 
probability  distribution  of  the  signals.  Knowledge 
of  the  statistics  of  the  signal  will  aid  in  establishing 
realistic  fade  margin  that  is  neither  onerous  nor  too 
low. 
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Loss  in  useable  elevation  (degree) 

Foliage  height=  80’  Foliage  height= 60’  Foliage  height=40’ 

_  Foliage  height=30’  _  0  _  Foliage  height=20’ 

Fig.  1 1 .  Foliage  attenuation  vs.  Loss  in  elevation;  foliage  ht.  as  parameter. 
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*  Much  work  has  been  done  lo  dcteminc  the  elfcci  ol 
rain  on  EHF  propagation,  but  the  et  fcct  of  terrain  and 
foliage  together  has  not  been  studied.  There  is  a  need 
to  augment  the  traditional  "fooipnnt"  estimauon 
with  propagation  prediction  using  topographic  and 
foliage  data 

7.1  Impact  on  Earth  Terminals  and  Satellites 
The  earth  terminals  will  have  GPS  or  .some  other 
subsystem  to  determine  the  position,  which  can  be 
communicated  to  the  satellite,  'fhe  incorporauon  of  e 
arc-second  terrain  data  base  along  Htih  data  on 
vegetation  and  man-made  structures  in  the  satellites  w  ill 
aid  in  determining  a  suitable  time-window  for 
communications.  At  the  very  least  consideration  oi 
terrain  and  vegetation  losses  in  link  budget  (EIRP,  data 
rate,  etc.)  will  make  the  system  design  more  complete  and 
thus  improve  reliability  of  TACSATS. 
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1.  SUMMARY 

The  need  for  tacsais  is  discussed  and  typical  taesat  mission 
requirements  are  identified.  A  spectrum  of  potential  taesat 
launch  systems  is  identified  and  characterized,  including 
txith  US  and  non-US  systems,  and  ranging  from  existing 
operational  vehicles  to  very  advanced  vehicles  that  ■  ill  not 
become  available  until  welt  into  the  next  century  The  six 
basic  launch  system  design  drivers,  performance,  cost,  oper¬ 
ability,  launch  responsiveness,  launch  llcxibility.  and  surviv- 
•ibility  are  di.scussed  its  they  relate  to  taesat  l.iunch 
requirements.  The  launch  systems  that  are  described  arc 
categorized  into:  (a)  mainline  launch  systems.  ( b) small  fixed/ 
rcIcKatable/mobile  launch  systems,  (c)  ballistic  mis- 
sile-derived  launch  systems,  ami  (d)  far-term  launch  systems 
I  he  impact  of  the  US/CIS  Strategic  .Arms  Reduction  laiK.s 
(.ST.AR'l )  agreements  on  the  availability  of  surplus  ballistic 
missiles  is  discussed.  The  availability  and  utility  of  a  wide 
selection  of  global  launch  sites  arc  also  examined  It  is  con¬ 
cluded  that  the  general  taesat  mission  is  a  viable  concept,  and 
possibly  satisfies  a  very  critical  future  need.  It  is  demon¬ 
strated  that  the  taesat  launch  services  needs  into  the  foresee- 
able  future  can  be  supported  by  US  current  and  planned 
launch  systems  launched  from  existing  US  launch  sites. 
However,  numerous  other  options  are  available  and  should 
be  investigated  by  the  taesat  system  designer/planner  for 
viability  and  cost  effectiveness. 

2.  INTRODUCTION 

The  North  Atlantic  Treaty  Organization  (NATO)  alliance 
must  respond  to  the  change  from  a  fairly  stable  geopolitical 
environment,  with  a  well-defined  adversars'.  to  a  verv 
dynamic  environment  where  the  adversary  and  the  theater  of 
operations  could  change  several  times  during  the  lifetime  ol 
some  of  the  current  tactical  satellites  and  where  conflict 
could  arise  in  moie  than  one  theater  at  once.  The  evolving 
world  situation  also  suggests  that  there  will  be  a  need  for  less 
emphasis  on  new  strategic  systems  and  more  emphasis  on 
new  tactical  systems.  It  has  been  proposed  that  what  have 
been  called  "lighisats”  or  •chcapsais,"  but  what  arc  termed 
"taesats  ”  in  this  paper,  could  be  candidates  for  satisfying  new 
evolving  tactical  mission  requirements.  .Such  satellites  would 
place  new  requirements  on  space  launch  services,  which  his¬ 
torically  have  evolved  in  response  to  requirements  for  larger 
and  larger  payloads  on  orbit,  whether  their  mission  is  tactical 
orstrategic.  Use  of  the  current  US  mainline  launch  vehicles, 
for  instance,  would  entail  launching  taesats  either  as  multiple 
payloads,  or  as  auxiliary  (piggyback)  payloads  on  a  flight 
whose  primary  payload  is  a  conventional  large  satellite.  In 
current  practice  in  the  US.  the  latter  option  would  not  gener¬ 
ally  be  available  on  Department  of  Defense  (DOD)  flights 
since  DOD  payloads  are  normally  designed  to  utilize  the  full 
payload  capability  of  the  launch  vehicle.  Conventional 
scheduled  flights  would  have  to  be  rc-planncd  to  fly 
off-loaded  in  order  to  permit  taesat  payloads  to  be  added  if  a 
sudden  crisis  generated  anuaschcdulcd  need.  The  establish¬ 
ment  of  such  a  policy  could  impact  the  payload  requirements 
for  upgraded  Medium  Launch  Vehicles  (MLVs)or  the  new 


National  Launch  .System  (NI*S)  However,  planning  in 
launch  taesa's  ;ls  single  payloads  on  small  launchers  (Lxed, 
rclix'atable.  or  mobile)  is  not  necessarily  the  most  cost-effec¬ 
tive  option 

Instead  of  separately  designing  and  developing  the  orbiting 
vehicle  system,  which  is  later  integrated  with  a  separately 
designed  and  developed  space  launch  sysiem,  ihe  lacsat 
option  opens  up  for  consideration  the  concurrcni  design  and 
development  of  a  single  sysiem  ot  which  the  l''•hlIlng  vehicle 
,ind  the  launch  vehicle  are  merely  niiviut’.r  eiernenis  The 
concept  ol  using  ihe  launch  vemcle  upper  stage  as  a  space- 
cralt  bus  is  not  new  and  was  used  .sueeesstullv  by  ( ixkiiccd  in 
iheir  .Agena  program  I  here  is  some  evidence  tor  believing 
mat  such  weapon  systems  a,s  Nike  :ind  the  air-eruisc  missiles 
ire  inherentiv  more  operable  thtm  conv-miional  space 
l.iunch  systems.  If  the  design  philosophy  described  aNive  (to 
consider  the  orbiting  subsystem  and  the  launch  subsystem  ;ts 
elements  of  a  single,  integrated  sysiem  I  is  adopted,  it  may  he 
[vissihle  to  improve  the  operability  and  lower  the  cost  of  sat¬ 
isfying  ihe  same  laeiiea)  mission  requiremeni.s  by  the  hislon- 
eally  conventional  parallel  system  development  approach  It 
IS  conjectured,  for  instance,  that  a  vanetv  of  missions  could 
lie  satisfied  by  selecting  .ind  .ivsemhling  different  systems 
from  a  limited  inventory  of  standardized  (modular)  orbiting 
vehicle  and  launch  vehicle  subsystem  elements. 

,Al.so  included  ;ls  candidate  launchers  arc  the  strategic  ballis¬ 
tic  missiles  that  will  be  retired  iis  a  result  of  the  emerging 
S  I, AR  T  treaty  agreements  Special  limitations  on  Ihe  con- 
scrs'on  of  ballistic  missiles  tospace  launchers  apply  and  need 
to  be  eon.sidercd 

It  IS  evident  that  the  tac.sat  concept  introduces  a  number  ot 
complex  new  issues  that  need  to  be  nddrcs,sed  and  that  must 
be  placed  in  the  context  of  a  total  aist-effcctive  system  solu¬ 
tion  to  a  dynamically  evolving  threat.  However,  this  paper 
does  not  propose  to  resolve  these  broader  issues  but  is 
intended  to  describe  the  launch  vehicle  options  for  launching 
lightweight  tactical  satellites  to  satisfy  a  variety  of  potential 
missions.  The  potential  missions  and  the  general  character¬ 
istics  of  taesats  that  might  satisly  these  missions  are  delin¬ 
eated.  Lhc  important  factors  in  the  identification  of  candi¬ 
date  launch  systems  for  the.sc  missions,  i  c  .  weight,  dimen¬ 
sions.  orbits  and  con.stcllaiion  architecture  of  the  satellites: 
and  performance,  cost,  operability,  launch  responsiveness, 
launch  flexibility,  and  survivabihty  of  the  launch  system,  arc 
characterized.  Requiremenus  for  launch  responsive ne.ss  and 
launch  flexibility  arc  not  well  defined,  hut  a  spectrum  of 
options  IS  discus.sed 

The  launch  systems  arc  grouped  into  (a)  mainline  Kiunch 
systems;  fh)  small  fixed,  rckx'atablc,  and  mobile  systems, 
(c)  ballistic  missile -derived  systems,  and  (d)  far-term  systems. 
I'he  primary  fcKus  is  on  I  IS  launch  vehicles  and  launch  from 
the  continental  US.  but  the  capabilities  of  other  nations' 
launch  services  and  launch  sites  are  also  dc.scnbed.  Lhis  is 
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lx;causc  it  is  unlikely  tha!  the  I  IS.  nr  even  N.'VI'O.  will  lake 
militarv'  action  that  would  involve  unilateral  mli-scalc  use  of 
the  taesat  concept  :e>  discussed  herein.  .Although  resisting 
loeal  desptits  needs  single-minded  leadership,  and  only  indi¬ 
vidual  governments  e:m  truly  provide  that,  the  US  and 
N.VrO  must  cixirdmate  offensive  action  with  international 
organizations  such  as  the  European  f  ommunily  (E<').  the 
United  Nations  (UN),  the  Western  European  l.lnion 
(WED),  the  Conference  on  Security  and  (.\xiperaiion  in 
Europe  (CSCE),  and  with  other  nations,  including  the  sev¬ 
eral  ex-Soviet  liltx;  nations  that  are  indicating  an  interest  in 
joining  N.VrO  or  the  EC  for  mutual  military  and  economic 
security  The  global  market  for.  and  utility  of.  taesats  must 
also  be  examined  in  ibe  light  of  the  '(^pen  Skies"  treaty 
signed  on  the  25  March  l’W2.  in  which  25  countries,  includ¬ 
ing  all  the  16  N.-VEO  countries.  5  East  European  ex-members 
of  the  Warsaw  Pact,  and  Russia.  I.ikrame.  Ifelorussia.  and 
Cteorgia  agreed  to  permit  airborne  uvertughls  of  their 
territory. 

3.  U\UNC:H  SYSTEM  SKI.ECTION  CRITKRtA 

lacsats  can  either  be  launched  on  demand,  launched  on 
schedule  as  primary  payloads,  or  launched  as  payloads  of 
opportunity  (auxiliary  payloads  llowm  piggyback  on  rccuiarlv 
scheduled ilights).  The lau-sat  mission  raisesihe  issuv of s.ios- 
tying  launch  system  design  requirements  tn.it  may  ptissiblv 
have  not  iK'en  satisfied  or  emphasized  in  the  east  Iradition- 
,il  launch  and  missile  svstem  design  drivers  can  be  rouehly 
divided  into  six  c.itegones:  la)  performance,  (b)cost. 
(c)  ('[XTability.  (d)  launch  respsinsivene.ss.  ici  launcn  fU:x>Ki|. 
ity.  and  (0  survivability.  I  he  members  ol  the  three  major 
lamilies  ot  mainline  l.iS  expendable  launen  vehicles.  .Atlas. 
Della,  and  I'ltan.  are  examples  ol  performance-driven 
designs.  The  US  Space  Shutile  was  pianneo  to  tic  a 
cosi-dnven  system  but.  m  common  with  all  launch  systems 
developed  up  to  the  present,  did  not  achieve  ns  goat  of  low- 
cost  acce.ss  to  space.  Ihe  US  .Advanced  l.auneh  System 
(.Aldi).  now  replaced  by  the  NI.S.  was  conceived  as  being 
both  an  operahihty-driven  and  a  eo.st-driven  system.  The 
solid  propellant  bailisiie  missiles,  such  as  the  US  Minutcman 
III  (MM-III).  are  examples  of  launch  responsiveness-driven 
systems  and  therefore  any  space  launch  derivatives  ol  halhs- 
tic  missiles  will  inherit  this  design  characteristic.  Ihe 
.iir-rnobilc  systems,  such  les  the  US  Pegasus  and  the  proposed 
(  ommonwcalih  of  Independent  States  ((.'IS)  Space  (  lipper. 
represent  systems  that  provide  the  launch  flexibility  to  seleei 
.1  henefteiai  Uxitition  for  a  specific  mission  and  an  all-a/imulh 
launch  capability. 

Survivability  is  an  additional  design  driver  that  has  histori¬ 
cally  been  of  importance  to  weapon  delivery  systems.  At 
present,  survivability  dtxts  not  appear  to  be  important  to  tac- 
sat  launch  systems,  but  this  factor  could  become  more  impor¬ 
tant  in  the  future  as  more  developing  nations  gam  access  to 
sophisticated  offensive  weapons. 

4.  REQUIREMENTS 

4.1  Missions 

The  overall  taesat  mission  is  characterized  by  the  need  to 
augment  capital  space  assets  during  times  of  crcsis;  the  need 
to  surge  at  the  outbreak  of  a  major  eonnict:  and  the  need  to 
reconstitute  space  systems  that  have  been  damaged  or 
destroyed.  liicsats  satisfy  a  military  need  to  provide  space 
systems  that  are  dedicated  to  support  tactical  commanders 
without  inflicting  a  heavy  logistic  and  administrative  respon¬ 
sibility  Ideally,  the  battle  commanders  need  the  operational 
control  to  task  satellites  as  their  own  a.s.sets  to  en.surc  direct 
and  timely  access  to  real-time  data  and  information  from 
space,  t  Jse  of  the  space  systems  should  be  an  intrinsic  pan  of 
routine  ficacctimc  military  training  exercises  and  not 
brought  into  play  only  to  rcsjiond  to  an  actual  war-fighting 
emergency. 


liiesat  weights  can  range  Irorn  less  than  50  lb  (23  kg),  in  the 
ease  of  the  Defen.se  Sciences  Imernatuinal  Microsat.  to  the 
150  lb  (f)8  kg)  Maesats  which  were  used  with  success  by  US 
Marine  units  during  the  I’ersian  Uuif  Witr,  to  1.500  lb 
(fiSO  kg)  Indium-like  satellites.  Une  arbitrary  definition  of  a 
taesat  is  that  it  should  weigh  less  than  2,21X1  ih  ( I.OflO  kg)  and 
be  launched  for  less  than  $20M,  (although  some  cvimmercial 
lightsats  have  already  been  launched  for  well  under  $!M).  A 
Ixrttergoal  might  be  a  weight  of  less  than  l,5(X)  Ib((>h0  kg)and 
a  launch  cost  of  $15M 

lablc  I  shows  a  iiotenluil  set  ol  laesat  launch  requirements. 
The  missions  include  a  broad  range  of  capabilities  that  afield 
commander  needs,  including  communications,  weather, 
land  and  iK'can  surveillance,  theater  surveillanee,  and  messilc 
warning.  In  most  cilscs.  the  taesats  would  serve  to  augment 
the  larger  conventional  satellites  by  providing  the  field  com¬ 
manders  with  dedicated  ■ts.seis.  and  may  be  used  to  reconsti¬ 
tute  unexpectedly  failed  satellites  on  a  temporary  basis 
I'reaty  monitoring  is  included,  although  this  may  be  more  a 
supjxin  function  to.  for  instance,  the  United  Nations  Secu¬ 
rity  Council  than  the  hattleileld  commander 

Table  1  Potential  Taesat  Launch  Requirements 
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It  IS  seen  from  I'abi  1  that  the  c'rbits  for  the  various  missions 
'all  inlo  two  general  e<itegc>ries,  (a)  geosynchronous  (GEO) 
or  highly  elliptic  for  continuous  coverage  missions;  and 
ill)  kiw  earth  orbit  (LEO)  sun-synchronous  for  all  inclina¬ 
tions  (to  cover  any  potential  target  area)  for  Earth  sur¬ 
veillance  missions  High  altitude  .satellites  would  probably  he 
stored  on  orbit  prior  to  hostiliiics.  .An  attempt  is  made  to 
quantify  launch  responsiveness  requirements.  Satellite 
weights  are  based  on  very  preliminary  taesat  designs,  and 
should  in  no  way  be  considered  firm  requirements. 

4.2  Consteltation.s 

faesat  constcllattons  can  range  from  single  satellites  to  com¬ 
plex  multiple  satellite  global  constellations,  such  as  an 
Iridium-likc  global  communications  constellation  that 
includes  77  satellites  m  7orhital  planes.  Since  there  could  be 
scenarios  where  multiple  lacsats  need  to  be  launched  at  one 
time,  potential  launch  options  cannot  necessarily  be  con¬ 
fined  to  small  launch  .systems.  Opixirtunitics  for  payload 
manifesting  must  be  examined  murder  to  improve  cost  effec¬ 
tiveness  It  is  conceivable,  for  instance,  for  a  whole  plane  of 
II  Irulium-iike  taesats  to  be  deployed  on  a  single  mainline 
launch  vehicle. 

4.3  I’ayload  Manifesting 

For  constellations  with  a  large  number  of  small  satellites  in  a 
large  number  of  orbital  planes,  manifesting  on  mainline 
launch  vehicles  Is  an  attractive  option  .At  low-to-mid  inclina¬ 
tions.  the  most  effective  means  of  distribution  is  to  use  orbital 
regression  Spacecraft  are  launched  into  a  park  orbit  sepa- 
nilcd  in  .ilimide  from  the  mission  orbit  Earth  oblalcncs.s 


causes  a  natural  dril't.  or  regression,  of  the  orbits.  anU  the  rale 
of  drift  IS  a  function  of  the  altitude  (and  inclination t  of  the 
orbit  Thus  the  differential  regres.sion  rates  between  the  two 
orbits  permit  a  phtising  of  the  orbits  to  take  place  over  time. 
At  the  appropriate  time,  with  planes  aligned,  a  spacecrait 
destined  for  a  certain  ring  performs  an  inter-orbit  transfer 
into  Its  respective  mission  orbit  Regression  rates,  however, 
are  reduced  at  high  inclination  and.  in  fact,  are  zero  for 
polar  orbits.  Thus,  for  high  inclination  constellations,  this 
approach  is  not  practical. 

.\  .second  strategy  is  to  launch  the  spacecraft  into  the  same 
altitude  its  the  mission  orhit.  but  at  a  lower  inclination,  thus 
establishing  a  iclaiive  regression  rate  based  on  the  differen¬ 
tial  inclination  The  plane-change  maneuver  to  inject  the 
spacecraft  into  the  mission  orbit  is  a  high  energy  maneuver, 
however,  and  the  energy  required  increases  rapidly  as  the 
magnitude  of  the  plant  change  increases.  I'he  plane -change 
maneuver  implies  the  use  of  propellant,  which  rcc  jccs  the 
number  of  satellites  that  can  tic  manifested  on  a  single 
launch  .A  balance  between  plane  change  and  acceptable 
regression  time  must  be  established  to  make  effective  use  ot 
the  launch  system  performance 

4.4  l.aunch  Responsiveness 

.\  further  consideration  is  the  launch  system  responsiveness 
i'or  tacsal  missions,  there  is  an  implication  of  hath  responsiv- 
ity  of  the  satellite  sy.stem,  both  on  the  grounu  and  once  it  is  in 
orbit.  In  addition  to  lau  netting  the  first  stile  line  rapidly,  there 
IS  the  issue  of  launch  repetition  rate  requirements  (the  need 
!o  reload  the  system)  I  bis  may  be  solved  with  tidtlniitiial 
storage,  test  and  Ittunch  pad  facilities,  or  rapid  recycling  ot 
the  ptid.  or  most  proh  ibly  a  combination  ol  lioth.  In  every 
case,  the  more  respunsivily  rcquireil.  the  higher  the 
non-reeurring  ci'St  for  facilities  and  equipment  and  the 
higher  recurnngctist  for  manptiwer  and  mainientince.  I'ravlc 
studies  need  to  he  maUe  when  launch  responsive nc.ss 
rcquiremcnt.s  arc  better  defined. 

Ilallistic  missile-derivalives  offer  the  (.vissibility  of  launching 
m  a  mtilfcr  of  .seconds  if  they  tire  maintained  on  tilerl  status 
with  the  .satellite  m  the  same  state  of  readiness  i  his  does  not 
.seem  to  be  a  necessary'  requirement  for  tactical  situations,  at 
least  in  the  near-term,  since  there  is  a  low  probability  of  the 
rapid  counicrforcc  attack  assumed  in  the  ctese  of  strategic 
ballistic  missiles.  A  more  reasonable  approach  would  be  to 
store  the  vehicles  under  conditions  thtil  would  allow  them  to 
be  brought  into  a  state  of  launch  readines.s  in  a  matter  oi 
days;  they  could  be  launched  on  demand  m  a  matter  of  hours 
if  desired. 

From  the  ultimate  le.spon.sivity  of  the  ballistic  missile- 
dcnvatives.  the  next  most  responsive  systems  arc  the  small, 
fixed,  rckxatabic.  or  mobile  launch  systems.  It  is  anticipated 
that  these  systems  could  he  launched  in  a  mattcrof  days  with¬ 
out  a  huge  investment.  Finally,  the  current  medium  and 
large  launch  vehicles  have  long  callup  timcsbccau.se  they  arc 
not  designed  for  high  rcsponsivity  or  recycle  times  t  hcre- 
fore  It  would  take  a  large  investment  in  launch  .site  lacililies  to 
bring  their  rcsponsivity  into  the  one  to  two  week  range. 

5.  MAINIJNK  lAlJNCH  SYSTKMS 

Fhcrc  arc  presently  four  nation-states  that  offer  routine 
global  mainline  space  launch  services  the  United  .States. 
Furope.  the  ( 'ommonwcalth  of  Inilependent  States,  and  the 
Peoples  Republic  <  China  technically.  Japan  also  has  a 
mainline  launch  system,  the  H-1  However,  this  vehicle  is 
currently  being  pha.sed  out  m  f.ivor  of  the  M-2  and  made  its 
!a.st  flignl  in  f'ebruary,  W2  When  the  H -2  becomes  opera¬ 
tional.  five  nation-states  will  be  able  to  provide  mainline 
launch  services  However,  difficulties  being  experienced 
with  the  l.E-7  cryogenic  firsl-slage  engine  could  delay  the 
predicted  IP'FI  initial  launch  capability  date. 


5.1  I'urrent  and  Near- lerm 

S.  J .  1  (  lined  Slates  l  US) 

the  current  US  mainline  laanch  svstem  tamilies  include  the 
.\Ilas.  Hclla.  and  Filan  lan,:'ie-s  I  he  A.  .ts.  Delta,  and 
Fitan  II  arc  medium  launch  vchivlcs.  .v.in  payload  capabili¬ 
ties  of  between  (i.lKIO  and  20,(KK)  lb  (2.728  and  9.tWl  kg)  to 
l.EO.  1  leaner  lift  capability  is  provided  by  the  f'ommcrcial 
Fitan  III  and  the  l  itan  IV,  which  can  lift  close  to  48.1X)0  lb 
(21.818  kg)  to  LEO 

1  his  group  of  launch  vehicles  is  the  most  viable  for  the  high 
energy  taesat  missions,  not  only  because  of  payload  capa¬ 
bility.  hut  because  the  suggested  store -on-orbit  strateg)  tor 
the  UEO  satellites  is  consistent  with  their  current  low 
•■^e-spoase  limes  The  Fitan  11  can  currently  be  fiown  onlv 
from  the  west  coast  launch  site  at  Vandenberg  .Nir  F'orce  Dicse 
(VAFin  in  Califivrnta  !  he  Delta  II  can  deliver  2.UI0  lb 
(910  kg)  and  the  .Allies  II.  3 100  lb  (1.4 10  kg)  to  UEO  For  a 
UKK)rb(4.s5  kg)salellile.  this  translates  into  alxiut  $25  M  per 
payload  launched  twtv  at  a  time  on  Delta  or  three  at  a  time  on 
\tliLs.  while  for  1,5(K)  Ih  (f)82  kg)  satellites,  these  numbers 
Ivcomc  about  $50  M  for  a  single  satellite  on  Delta  and  $40  M 
’•ach  U>r  two  satellites  on  .Atlas  1  he  viabilitv  of  launching 
multiple  satellites  li)  ( iF( )  would  have  to  he  .Ls.ses.sed  by  the 
•iscrs,  nut  It  would  apivar  to  be  a  rea.sonable  approach  since 
•acre  .ire  three  (iE( )  missions  idenlified.  and.  in  any  eic'e. 
'lient  sjiares  c.in  he  depioveU  it  sulficient  excess  fKxiskr 
.'.ipahiiuv  cviMs  I  lie  lienein  ol  controlline  s.iteliitc  weight, 
without  eompromismg  mission  cap.ibiiilv,  is  apparent. 

1  -cute  i  siimmari/es  the  payload  e.ipaitilities  ol  the  current 
I  S  meviuim  .irvl  large  mainime  expendable'  launch  vehicles 
to  various ornit.s  ol  interest  and  several  other  characterisiivii. 
'Uch  as  p.iyload  .iceommi'clalion.  reliability,  and  cost  fver 
ilmhl  I  aunch  r.itc  c.ipaciiy  circa  1‘8)5  is  also  shown. 


Figure  1  Current  US  Ma  sline  Launch  Systems 
5. 1 . 1 . 1  Della  family  of  vehu  les 

The  Delta  family  ol  vehicic.s  wa.s  derived  Irom  the  Fhor 
Intermediate  Range  Ballistic  Mis.silc  (IRBM)  by  adding  sev¬ 
eral  small  Solid  RrKkct  Motors  (SR  Ms)  and  the  Della  second 
stage.  Dellas  are  used  to  launch  payloads  into  GEO  and 
l.EO  from  Eicstcrn  lest  Range  (EFR)  l.iunch  complexes 
I.CM7.A  and  IX?-17n.  and  to  [xilar  orbit  from  the  Western 
lest  Range  (WI  R)space  launch  complex  SI  .('-2  Fhc  capa¬ 
bilities  have  grown  through  a  series  of  upgrades  Fhc  prime 
contractor  for  the  Delta  family  of  vehicles  is  McDonnell 
Douglas.  Huntington  Beach,  (  alifornia 

Fhe  Delta  II  was  selected  its  the  Air  Force  Medium  l.aunch 
Vehicle  I  (M1,V-I)  and  is  currently  used  for  launching  the 
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N'AVS  TAR  Global  Positioning  Satellite  (GPS).  Space 
Defense  Initiative  Organization  (SDK))  experimental  pay- 
loads.  Ni-XSA  scientific  payloads,  and  atmmercial  payloads. 
The  initial  version  (Delta  6925)  first  flew  in  February.  1989, 
folloued  by  an  upgraded  version  (Delta  7925)  in  November. 
PWO.  Delta  7920  has  nine  Graphite  Epoxy  Motor  (GEM) 
strap-on.s  and  supports  the  heavier  weight  of  current  GPS 
satellites.  A  twxvstage  version  exists  tor  each  Delta  II;  Delta 
f)920.  which  is  capable  of  placing  8.800  lb  (4.(XK)  kg)  into  LEO 
duce;ist;and  Delta  7920.which  is  capable  of  placing  1  l.l(X)lb 
(5.045  kg)  into  LEO  due  cast.  The  mam  difference  between 
the  Delta  11  vehicles  (6920  versus  7920)  lies  in  the  use  of  Cas¬ 
tor  Solid  Rocket  Motor  (SRM)  strap-tins  (steel  cases)  versus 
the  use  of  GEM  strap-ons  (graphite  epoxy  ctiscs)  Lhe  Della 
7925  provides  performance  to  transfer  orbits  and  uses  a  third 
stage.  This  third  or  upper  stage  is  a  mtxlified  PAM-D.  with  a 
St3r-48B  solid  motor  mounted  on  a  spin  table  to  spin-up 
the  stage/payload  aimbination  bef  ire  deployment.  Inair- 
poration  of  this  third  stage  provides  the  capability  to  deploy 
4.010  lb  (1.820  kg)  of  payload  into  GTO  (without  the  third 
stage. only  2.800  lb(L270kg)can  be  deployed  into  G  I'O)  An 
additional  spacecraft  kick  motor  is  required  for  geo.synchriv 
nous  orbits. 

5. 1.1.2  Allas  faniilv  of  vehicles 

lhe  .Mias  is  a  former  Air  Force  Intercontinental  IkiMislic 
.Missile  (ICBM)  w'capon  .system  convened  tor  use  a.s  a  space 
launch  vehicle.  I'he  Allas  D  was  man-rated  and  Hew  four 
sua'cssful  missions  during  the  Mcrcurv  program,  including 
the  first  U.S  manned  orbital  flight  by  John  (ilenn  l  he  sys¬ 
tem  concept,  now-  over  30  years  old.  has  gone  through  a 
senesof  mtxlernizations  and  upgrades,  which  have  enhanced 
Its  payload  performance  capability  considerably  There  are 
several  .Mias  versions,  existing  anil  planned,  hut  common  to 
till  IS  the  use  of  one  and  a  half  liquid  propellant  stagc.s.  Doth 
Stages  ("btxistcr"  and  "sustaincr")  are  ignited  on  the  ground 
and  burn  in  parallel.  .After  the  btxistcr  engines  are  jetti¬ 
soned.  the  sustaincr  engine  continues  burning  to  orbit  The 
prime  contractor  for  the  .Atitts  family  of  vehicles  is  ( ieneral 
Dynamics  (  (irporation.  .San  Diego.  C  alifornia 

Allas  E.  The  Atltts  E  is  a  DOD  launch  vehicle  presently  used 
to  launch  smaller  payloads  to  low  polar  orbit  from  space 
launch  complex  SIX.'-3  ;ji  Vandenberg  .Air  Force  Base 
(V.AFB).  The  vehicles  are  former  .Atlas  K'OMs  that  have 
been  decommissioned,  refurbished,  mtxjificd.  tested,  and 
certified  forspacc  flight  The  Atlas  E  is  primarilyused  losup- 
port  the  DOD  Defense  Meteorological  Satellite  Program 
( DMSP)  and  the  National  Oceanic  and  Atmospheric  .Agency 
!NOAA)satellilcs.  Itcan place  1800lb(88()kg)intoiowp<ilar 
orbit.  Only  a  tew  vehicles  reriain  in  inventory 

Allas  II.  The  Atlas  II  is  used  for  communication  satellite 
launches  .such  as  the  Defense  Satellite  Communications  Sys¬ 
tem  (DSCS-lII)  It  was  selected  tis  the  Air  Force  Medium 
Launch  Vehicle  11  (MLV-ll)and  is  designed  to  perform  LEO 
and  GTf)  missions.  It  consists  of  the  booster  and  a  Centaur 
upper  stage  and  can  place  14,10(1  lb  (6,4 10  kg)  into  LEO  due 
east.  5.9(X)  lb  (2.680  kg)  into  G  TO.  or  .T.KK)  lb  ( 1410  kg)  into 
(iEO  using  a  kick  stage. 

The  .Atlas  aintractor  is  offering  four  versions  of  the  .Allas 
Atlas  1.  Atlas  .Atlas  IIA,  and  Atlas  HAS  for  launching 
NA.S.A  and  commercial  payloads  The  Atlas  II,A.S  is  an  im¬ 
proved  version  of  the  Allas  II  that  has  solid  strap-ons  and  in 
which  the  Pratt  and  Whitney  RL-10  engine  in  the  Centaur 
upper  stage  is  increa.sed  in  thrust  from  16..500  Ib  to  20.800  lb 
(7.500  kg  to  9,450  kg)  The  Atlas  HAS  payload  tofTTOwillbc 
7.700  Ib  (.3,490  kg). 

General  Dynamics  Commercial  Launch  Services  has  pro- 
[xiscd  carrying  so-called  ■companion"  satellites  ranging 


from  990  Ib  to  2.970  lb  (450  kg  to  1350  kg)  to  1 .1  ( )  at  28  5  deg 
on  launches  of  primary  payloads 

5. 1 . 1.3  hlari  family  of  vehicles 

The  Titan  family  of  vehicles  is  a  senes  ol  .Air  Force  vehicles 
that  has  evolved  from  die  Titan  ICHM  system  over  ihc  past 
35  years  Three  main  launch  vehicle  awiigurations  presently 
exist:  Titan  11  Space  launch  Vehicle  (SLV).  Titan  HI  Com¬ 
mercial.  and  Tuan  IV,  with  variations  of  each  .All  f.  ivc  t''o 
core  stages  using  liquid  propellants.  The  Itisl  two  use  seg- 
Rienled  SRMs  for  the  initial  stage  to  enhance  performance 
Composite-case  SRMs  (designated  SRMlJ  )will  soon  replace 
the  steel-cased  stilids  to  provide  increased  performance 
Additional  proposals  for  increased  performance  include  the 
use  of  liquid  cryogenic  propellant  bvxisters,  more  and  longer 
SRMs.  and  more  liquid  engines  with  stretched  and/or  larger 
diameter  airc  stage  tankage  The  prime  amtractor  for  the 
Titan  family  of  vehicles  is  Martin  Manctta  Corporation 
Astronautics  Group,  Denver,  (,'olorado 

Iiiaiill  The  Titan  1!  space  launch  vehicle  w-as  ainccived  by 
DOD  to  utilize  an  existing  resource  and.  at  the  same  time, 
.lugment  the  dwindling  Atlas  E  launch  vehicle  inventory  for 
launching  smaller  payloads  to  polar  orbit  The  Titan  H 
vehicles  (like  the  Atkis  E  vehicles)  are  lormer  ICB.Vl  weapon 
^vsienis  th.it  have  been  decommissioned,  removed  irom 
t'-eir  silos,  relurbished.  nuxJified.  tested,  and  certified  lor 
^pace  llighi  There  were  originally  55  Titan  ICH.Ms  in  inven¬ 
tory,  and  the  .Air  Force  h.ts  a  continuing  program  to  modify 
and  launch  these  vehicles  tus  required.  I'he  initial  launch  ea- 
pabiiilvol  the  Titan  11  w;us  achieved  in  September.  1988.  The 
Titan  H  can  place  up  to4.2fK)  lb(  1.910  kg)  m  LEO  polar  orbit 
Irom  space  launch  complex  SlXi-4  ( West)  at  VAR)  lAopos- 
als  for  upgrading  Titan  H  performance  include  developing  a 
Cape  Canaveral  capability,  long  duration  circulanzation 
burns  with  added  propellants,  and  SRM  strap-ons.  The  addi¬ 
tion  of  eight  Castor  IV's.  for  example,  would  launch  8,900  Ib 
(4.045  kg)  to  LEO  polar  (.onfiguration  studies  inclu  te  the 
.iddilion  of  up  to  II)  GEM  solid  riKket  motor  strap-ons 

Tittin  II.  in  Its  ballistic  missile  configuration,  can  be  launched 
with  less  than  one  minute  of  warning  since  propellant  can  be 
left  for  long  penods  of  time  without  deterioration  of  the  fuel 
tanks  or  the  propulsion  system. 

Commercial  Diaii  III  The  Commercial  Titan  HI  is  derived 
trom  the  Titan  341)  wiih  a  stretched  .second  stage  and  a  ham¬ 
merhead  ( larger  dtameter)  shroud  for  dual  or  dedicated  pay- 
loails  The  first  commercial  Titan  HI  wtus  launched  m 
December.  1989.  and  can  launch  .32.0(X)  Ib  (14, 54(1  kg)  into 
LEO.  It  is  compatible  with  the  McDonnell  Douglas 
P.AM-DH.  the  Manin  Marietta  Transiagc.  and  the  Orbital 
Sciences  Corporation  Transfer  Orbit  Stage  (T'OS)  uppe- 
stages  to  provide  GTO  capability  of  4(180  Ib  ( 1.85(1  kg).  9500  Ib 
(4.320  kg),  and  ll.fXX)  lb  (S.IXX)  kg),  respectively.  Perform¬ 
ance  to  GEO  is  approximately  5.500  lb  (2.500  kg)  using  a 
spacecraft  kick  motor.  Martin  Marietta  bos  examined  a 
number  of  payload  deploymetit  schemes  for  launching  small 
payloads,  txith  as  auxiliary  payloads  and  tus  muiliptc  primary 
payloads,  but  these  design  options  have  not  been  exercised 

litaii  IV  The  DOD's  Titan  IV  development  was  begun  as  a 
complement  to  the  Space  Shuttle,  but  following  the  Chal¬ 
lenger  accident,  the  program  was  expanded  to  accommixiate 
critical  DOD  payloads.  The  program  wus  further  expamted 
in  1987  as  the  full  impact  of  the  Shuttle  delays  and  cancella¬ 
tion  of  the  Shutllc-C.'eniaur  program  became  clear 

The  Titan  IV  uses  either  a  7-segmcnt  SRM  or  a  J-segment 
SRMU.  It  IS  nowcapablc  of  delivering  10.000  Ib  (4.550  kg)  to 
(TEO  with  the  current  7-scgmcnt  SR  M.s.  When  t)ie  SMRl  I 
bvxisiers  now  under  development  arc  available,  the  Titan  IV, 
Centaur  will  be  able  to  launch  12,700  lb  (6.350  kg)  to  GEO 
The  Titan  IV/U  IS  is  currently  operational  and  is  aipable  ot 
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delivering  5.250  lb  (2.390  kg)  lo  (iKC)  .\  I'lian  IV  uith  no 
upper  stage  is  used  for  launching  mu>  p*ilarand  high  inclina¬ 
tion  orbits.  i'his  configuration  can  deliver  ,t9.(XX)  Ih 
(17.700kg)  to  LEO  due  east,  or  31.0(K)  lb  (W.lOO  kg)  to  a 
IIX)  nm  { 185  km)  polar  orbit  I  he  Titan  IV  could,  in  theory, 
fly  auxiliary  payloads  but  thus  is  not  a  very  practical  option 
since  Its  primary  payloads  normally  use  full  payload  capabili¬ 
ty. 

5.1.2  luirope 

Europe  is  rcprc.sented  by  the  ,\riane  4  family,  \shich  provides 
;i  range  of  payloads  from  8.(XX)  to  21.(XXI  lb  (3.6360  to 
9.545  kg)  to  LEO.  There  are  six  versions  ot  .Ariane  4,  with  a 
mix  of  liquid  and  solid  propellant  strap-<in  bsxistcrs.  There 
are  two  subsatellite  services,  the  SPELDA  (Structure  Por- 
tcuse  Extemc  oour  Lancement  Double  .-\riane).  fTedicated 
Satellite  Service  (SDS).  and  the  Ariane  Structure  for  .Auxil¬ 
iary  Payloads  (.-XSAP).  plus  different  versions  of  the 
SPELD.A  payload  fairing  In  this  way.  it  eaters  to  a  wide 
range  of  payloads.  The  vehicles  are  launched  from  a  launch 
site  at  Kourou.  French  (Tuiana;  a  launch  azimuth  range  of 
104  deg  IS  ptissible  from  349.5  to  93  5  deg  The  cost  per  tlight 
tor  a  single  GTO  launch  is  between  $fi5M  and  $95M, 

Tifty  satellites  have  been  launched  using  the  SYLD.X  (Sys- 
leme  de  l.ancemcnt  Double  .Ariane  1  or  SPEED. \  dual 
Itiunch  capability,  which  htis  resulted  in  a  satellite  vlcplov- 
ment  rate  of  about  12  per  year,  up  from  7  to  8  launches  per 
year  previously.  The  launch  limn  for  the  .Ariane  4  is  set  at 
10  flights  per  year,  which  allows  for  dclavs  or  problems 
Three  commercial  microsatellitcs  have  been  liown  using  the 
ASAP,  and  as  many  as  six  .AS.AP  attachment  points  e;in 
ticcommodatc  multiple  satellites  up  to  about  91  lb  (200  kg) 
each.  The  entire  .-AS.AP  structure  can  be  resened  for 
between  S700.(XX)  and  SStXl.tlOO  In  order  to  satisfy  custom¬ 
ers'  demands,  a  shortened  version  of  SPEI.D.A.  named  SIJS' 
(Spclda  Dedicated  Satellite)  is  being  built  by  Hrilish  .Aero¬ 
space  to  accommodate  a  satellite  in  the  2.7(X)  lb  (h.OtXI  kg) 
class,  plus  an  additional  satellite  of  up  to8(XI  kg.  The  capabil¬ 
ities  of  the  .Ariane  4  are  summarized  in  Figure  2. 

.Ariancspacc.  the  commercial  consortium  that  operates  .Ari- 
ane.  predicts  the  minisatellilc  market  (commercial  and  mili¬ 
tary)  to  reach  20  per  year  by  1993.  and  ns  goal  is  to  capture 
50%  of  the  market. 

5.1.3  Commonn  eallh  of  Independent  States  ((  IS) 

The  availability  of  ex-Sovict  Union  launch  systems  is  compli¬ 
cated  by  the  political  changes  that  arc  taking  place  and  the 
fact  that  space  a.sscts  are  no  longer  controlled  by  a  single  au¬ 
thority.  At  least  five  space  agencies  (three  in  Russia)  appear 
to  be  emerging  and  at  least  three  members  of  the  Common¬ 
wealth  (Russia.  Kazakhstan,  and  Ukrain;  are  laying  claim  to 
the  potential  benefits  of  marketing  space  technology  to  the 
world.  The  distnbulion  of  the  major  CIS  space  a.ssct.s  arc 
shown  in  Figure  3. 

Russia  appears  to  have  control  of  most  of  the  ex-Sovict  arse¬ 
nal  of  launch  systems,  including  the  Energialiuran.  the  Kos- 
mos,  the  Proton,  the  Tsyklon.  and  the  Vostok/Soyuz/Mol- 
niya.  However,  the  Zenit,  which  is  the  only  ex-Sovict  vehicle 
built  specifically  for  atmmcrcial  launch  and  may  pos.sibly  be 
launched  fmm  the  proposed  ('ape  York  Space  Port  in 
(Juecnsland.  Australia,  is  built  by  Yuzhnoyc  NPO  in  the 
Ukraine.  The  Yuzhnoyc  Design  Bureau  is  also  proposing 
the  air-launched  Space  Clipper,  which  is  discus.sed  later.  The 
launch  capabilities  of  the  ex-.Soviet  unmanned  launch  sys¬ 
tems  arc  summarized  in  Figure  4 


5.1.4  Peoples  Hepultlie  of  (  Inna  iPH( ') 

The  PRC  IS  represented  In  the  Umg  March  tamily  of 
vehicles  C.'hina's  space  launch  services  dcjx'ndson  a  number 
ot  interacting  organizations,  each  of  which  is  responsible  for 
part  of  the  launch  services  package  I  he  China  Great  Wail 
Industry  Corporation  (CCAVIC)  is  restxinsible,  under  the 
•Ministry  of  .Astronautics,  for  coordination  between  foreign 
customers  and  the  other  elements  ot  the  launch  .services 
organization.  The  launch  capabilities  of  the  Ixing  .March 
family  are  summarized  in  Figure  5 

5.2  In  nevelupment  and  Planned 

Three  nation-states,  the  United  Stales.  Europe,  and  Japan 
have  clearly  laid  out  plans  to  extend  their  mainline  expend¬ 
able  launch  vehicle  fleet 

5.2.1  L'niied  States 

Medium  Paunch  Vehicle  3  tMl.l  -si.  The  I 'S  Air  Force  plans 
to  award  a  contract  during  fisc.il  yetir  i''‘t3  for  the  Mi\'-3. 
which  wviuld  become  available  in  1W6  and  hits,  as  its  primary 
mussion.  the  launch  ot  GPS  BUvk  HR  The  MI.V-3  is  in¬ 
tended  to  hridge-the-gap  '  until  the  M-S  is  available,  and 
any  performance  improvements  will  he  tinanced  by  pnvatc 
industry  This  privuremeni  could  conflict  with  the  privure- 
nientof  the  Nl-S.  and  a  decision  mav  have  lobe  made  in  Con¬ 
gress  to  .select  one  or  the  other  .Mthouen  no  characierisiic.s 
ot  the  MLV-III  are  releasable  .it  this  time,  the  procurement 
could  provide  an  opportunity  to  plan  fi'r  discretionary  auxil- 
i.iry  payload  deployment 

Wtlional  l.aiineh  System  iM  Si  I  he  N1  -S  is  using  an  evolu¬ 
tionary  approach  for  the  development  ol  a  tamiiy  ot  launch 
vehicles  and  operational  inirasiructure  wnh  the  capability  to 
place  a  wide  range  ol  paylo.ids  into  orbit  at  a  fraction  of  cur¬ 
rent  costs.  I'hc  operabiliiv  goals  of  NUS  are  to  make  space 
launch  activities  as  routine  ils  those  ol  a  long-haul  trucking 
company 

The  .Nl.S  veiiicles  currcnily  serving  as  'loinis  I'f  referena- 
range  from  a  small,  two-stage  vehiele  cttpablc  of  placing 
approximaiely  2().1XX)  Iblb.lfX)  kg)  into  l.EO  (the  immediate 
focus),  to  a  one  and  one-half  stage  vehicle  utilizing  a  Shuttle 
External  Tank  (ET)  derived  tank  section  (common  core)  for 
mixlcrate  sized  payloads  to  LEO.  and  capable  of  being 
upgraded  lo  .i  two  and  one-half  stage  vehicle  (by  adding  an 
upper  stage)  with  GEO  capability;  to  a  heavy  hfi  amfigura- 
tion  using  .ASRMs  as  siran-on  bivosters.  the  aimmon  core, 
and  a  cargo  transler  vehicle  (GIA')  tor  cargo  delivery  to 
Space  Station  Freedom  (SSF")  .A  new  NI  -S  upper  stage,  used 
with  the  one  and  one-half  stage  vehicle  for  GEO  missions,  is 
also  being  considered  for  use  as  the  final  stage  of  the  2().(XX)  Ih 
(9.090  kg)  (N12>-3)  vehicle  lo  further  provide  commonality 
'Vehicles  with  increased  payload  capability,  attained  via  mtxl- 
ulargrowlh  lo  meet  heavy  lift  requirements  up  to  124.(XX)  lb 
(56.360  kg),  are  also  under  study  Payload  estimates  for  the 
various  members  of  the  NI5i  family  meet  both  N.ASA  and 
DOD  requirements.  The  primary  interest  of  the  DOD  in  the 
one  and  one-half  stage  is  to  place  50.(XX1  lb  (22.7.T0  kg)  into  an 
80  X  150  nm  ( 148x  278km)orbit:  N.ASAs  interest  istou.se  it  to 
deliver  SS.fXX)  lb  (25.IKX)  kg)  of  net  payload  to  the  SSF.  The 
DOD  plans  to  use  the  twivstage  vehicle  to  deliver  20.000  lb 
(9091  kg)  loan  80  x  150  nm  ( 148  x  278  km)  orbit.  4(XX)  lb  (1,8 18 
kg)  to  G  EG.  or  8.0(X)  lb  (3.636  kg)  to  GTfT  NAS.A  would  u.sc 
ittodeliver  18.000  lb  (8. 182  kg)of  net  payload  to  the  SSF  The 
two  and  one-half  stage  vehicle  would  deliver  97,0(X)  Ih 
(44,090  kg)tothe80x  J50nm(148  x  278km)orbitor  15.000 lb 
(6,818  kg)  to  GEO;  it  aiuld  aTso  deliver  S3.(XX)  lb  (37.730  kg) 
of  gross  payload  lo  the  SSF  The  HT.LV  option  could  deliver 
135,000  lb  (61.360  kg)  to  the  80  x  150  nm  ( 148  x  278  km) orbit 
or  124,000  lb  (56,364  kg)  of  gross  payload  to  the  SSF. 
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NAME 

ARIANE  4 

ARIANE  4 

ARIANE  4 

ARIANE  4 

ARIANE  4 

ARIANE  4 

ARIANE  5 

DESIGNATION 

ARIANE  40 

ARIANE  42P 

ARIANE  UP 

ARIANE  42L 

ARIANE  ULP 

ARIANE  441 

ARIANE  5 

RESPONSIBLE  AGENCY 

ARIANESPACE 

ARIANESPACE 

ARIANESPACE 

ARIANESPACE 

ARIANESPACE 

ARIANESPACE 

ARIANESPACE 

PRIME  CONTRACTOR 

CNES 

CNES 

CNES 

CNES 

CNES 

CUES 

CNES 

PERFORMANCE  -lb  (kg) 

LEO  POUR 

a.Mo  11.9001 

10.600(4.800} 

12,100(5.5001 

13.000  (S.900) 

14.500  (6  6001 

16.900(7.7001 

TBD 

LEO  DUE  EAST 

IQ.SOO  (4.900) 

13.400(6.100) 

15.200(6.900) 

16.300(7.400) 

18.300  (8.3001 

21  100(9600) 

TBD 

GTO 

1,190(1.900) 

5.730  (2.600) 

6,610(3.000) 

7.050(3,200) 

8.16013.700) 

9  260  (4.200) 

15  000(6.800) 

GEO 

j 

RELlABlLrry  (suec««»  ratft) 

1/1 

6/6 

3.4 

H/A  j 

PAYLOAD  ACCOMMODATION 

DUMETER-rtIml 

12.0  (37) 

12  0(3.7) 

12.0(3.7) 

12,0(3.7) 

120(3.71 

12,0(371 

12013.7) 

CYUNOER  LENGTH 

13,1(4  01  TO 

13.1  (4.0)  TO 

13.1  (4  0)  TO 

13.1  (4.0)  TO 

13.1(4.0)  TO 

13  1  (4  0)  TO 

13  1  (4  0)10 

25.6  (7.6) 

25.6(7.8) 

25  6(76) 

25,6(7.8) 

25Sr7.8t 

25  6  (7  8) 

25  617 

!! 

CONE  length -n  (ml 

IS.I  (4.61 

IS  1  (16) 

15  ((4  61 

15  1  (46) 

1  (4  61 

15  1  (461 

15  1  /4  6» 

iNfTtAL  UUNCH  CAPABlLfTY 

'WO 

1990 

199X 

t99X 

1988 

1989 

1995 

UUNCH  SITE 

ELA-2  KOUROU 

EIA.2  KOUROU 

EU-2  KOUROU 

ELA.2  KOUROU 

ELA-2  KOUROU 

eLA-2  KOUROU 

ELA-3  KOUROU 

UUNCH  CAPABILITY 

12 

'2 

12 

12 

12 

T0O 

RESPONSE  TIME 

MEDIUM 

medium 

MEDIUM 

MEDIUM 

MEDIUM 

MEDIUM 

MEDIUM 

COST/FLT  -$91  M 

60-70 

62-72 

65-75 

85-95 

90-100 

no-120 

100-110 

Figure  2.  Current  and  in  Development  European  Mainline  Launch  Systems 


Source:  SPACE  NEWS.  December  16-22,  1991 


Figure  3.  Distribution  of  Majo'  CIS  Space  Assets 
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NAME 

KOSWOS 

- 

TSYKLON 

VOSTOK 

MOLWTA 

soTur 

PROTON  1  PROTON  i  2EWT  | 

DESIGNATION 

Sl-I 

%L-1\ 

SL»4 

SL  3 

SL4 

_ _ 

SL»2 

Sw-13 

RE5POMSJ8LE  ACEHCV 

GLAVKOSMOS 

GUVKOSMOS 

GLAVKOSMOS 

GLAVKOSMOSiGLAVKOSMOS 

GLAVKOSMOS 

GLAVKOSMOS  1  GLAVKOSMOS 

»fl«E  CONTRACTOR 

TBO 

M  K  TANGEL 

M  K  TANGEL 

S  P  KOROLEV 

S  P  KOROLEV 

s  P  KCROUV 

s  p  KOROLEV 

5  P  KOROLEV  i  'LCMNOtENPO 

PERFORMANCE  >lb 

LEO  POLAR 

LEO  DUE  EAST 

GTO 

GEO 

3  (Xn  (1.3501 

. 

a  too  14.000) 

tQ«00|4  rMl 

AMOil.lAOl 

15400<700QI 

44  100(20  0001 

i 

25  100  (ll  4001 

t  30300(137401 
i2(OOi$.50Ci  i  'CtOOlSHO) 

115012  300!  1  5  300(3  4401 

RELIASHn't  isucctit  ratci 

37iion 

tM/ni 

SAta 

trviH 

5SASM 

'jiniT  ‘  '1^14 

payloao  accommodation 

ClAMETER-ftiml 

CYJNOER  LENGTH  -Rtmi 

CONE  LENGTH- ft  iml 

'3  (3.21 

55(1.11 

55i3.C] 

’1  3.3  4> 

a  3 12  Si 

.'9  3(1 91 

a9i2*> 

1) 

:*  4  It  Si 

8  5i2n 

221'|7J 

u  :  a 

01  12J<33  3r 

'9  at  2  4  3(1 

j 

TOa  J??:3  3  3r;-f 

;i’  5T02’-:35T014I 
'9  ia'24  3(1  i  'M'SI 

INITIAL  LAUNCH  CAPABILTTy 

'564 

•  %? 

•?59 

•%! 

»S3  ’5t» 

'  <>60  'MS 

LAUNCH  SfTE 

PLESETSK  KAPUSTIN 

VAR  TYURAT4M 

;  BAIKONUR 

PLESETSK 

BAIKONUR  1  BAIKONUR  |  BAiKONliR  ,  BAiKONuR  1  SAiKONUR  1  BAIKONUR 

pi.ESETSK  i  Plesetsk  »  “lese'sk  1  i  'cape •or* ipwHwjt 

LAUNCH  CAPABiy^r  -flWr 

'-10 

■  .5 

•c 

10  !  x‘  '  »  ::  '0 

RESPONSE  rwe 

LOAf 

WEOlUM 

MEDIUM 

MEDIUM  1  MEDIUM  1  MEDIUM  M£D<uM  MEDIUM 

COSTitLT  -SSI  M 

TBO 

:  *0 

'i  1  '5  ;  j>  To  *5  :s-?o 

Figure  4  CIS  Mainline  Expendable  Launch  Systems 


CURRENT  PRODUCTION  IN  DEVELOPMENT 

r:  '  H 

m  □  :  s 

“  °  M  1  M  U 

a  u  a  :  ^ 

«  a  «  rp  -  «  “T 

□  D  W  Bt  'J-  HU 

NAME 

LONG  MARCH 

LONG  MARCH 

LONG  MARCH 

LONG  MARCH 

LONG  MARCH  |  LONG  MARCH 

LONG  MARCH 

OESfGNATlON 

CZ-2C 

CZ-3 

CZ4 

CZ‘2£ 

CZ'IO  1  C2-3A 

CZ.2E/HO 

RESPONSIBLE  AGENCY 

MINISTRY  OF 

ASTRONAUTICS 

MINISTRY  OF 
ASTRONAUTICS 

MINISTRY  OF 
ASTRONAUTICS 

MINISTRY  OF 
ASTRONAUTICS 

MINISTRY  OF 
ASTRONAUTICS 

MINISTRY  OF 
ASTRONAUTICS 

MINISTRY  OF 
ASTRQNAUDCS 

PRIME  CONTRACTOR 

CGWIC 

CGWIC 

CGWIC 

CGWIC 

CGWIC 

CGWIC 

CGWIC 

PERFORMANCE  -lb  (kg) 

LEO  POLAR 

LEO  DUE  EAST 

GTO 

GEO 

3.860  (1.750) 
7.040(3,200) 
2J0Q  (1,000) 

11.000(5.000) 

3.300(1.500) 

1.6Xi730) 

8.800(4.000) 

2.430(1.110) 

1.2201550) 

20.3X(9,2X) 
7.430  (3.370) 
3.300(1.5X1 

UIO(SX) 
1.630(740) 
440  (2X) 

220  (1X1 

15.800  P.2001 
S.SOO  (2.500) 
2.700(1.230) 

29.9X  {13.6X) 
9.9X  (4.5X) 
4.9X(2,»0j 

RELIABILITY  (lucctM  itttl 

TBO 

T80 

TBO 

TBO 

TBD 

TBO 

TBO 

PAYLOAD  ACCOMMODATION 
DIAMETER -n(m) 
CYLINDER  LENGTH  -  ft  (m) 
CONE  LENGTH- ft  (m) 

5,9: 10.2(1.8: 3,1) 
0,0:6  6  (0.0:  2.0) 
9.9:11.5  (3.0: 3.5) 

7.6;  3  9(2.3: 2.7) 
5,6;  8.6  (1.7;  2.6) 
82:9.2  (2.5;  2.8) 

7.9:  9  9(3.4:  3.0) 
3.3:9.9(10;  30) 
7.3;  10.3  (2.2;  3-2) 

12.5  (3.8 
20.0(6.0) 

18.1  (S.5) 

8  8  (2.0) 
5.311.81 

7  9(2.4) 

9.9:13.2  (3.0;  4.0) 
13.2:21.4  (4.0;  6.5) 
11.2;  16  5 13.4;  SO) 

12  5(3.8) 
19.8(8.0) 
111(5.5) 

INITIAL  UUNCH  CAPABItrTY 

1975 

1984 

1988 

1990 

1991 

1992 

199$ 

UUNCHSTTE 

JSLC 

XSLC 

TSLC 

XSLC 

JSLC 

XSLC 

XSLC 

LAUNCH  CAPABILfTY  -(lUvr 

TBO 

TBO 

T8D 

TBD 

TBD 

TBO 

TBO 

RESPONSE  TIME 

HIGH 

HIGH 

HIGH 

HIGH  MEDIUM 

HIGH 

HIGH 

COST/RT  -Mt  M 

20 

- S 

TBO 

40  1  10 

TBD 

TBO 

Figure  5  PRC  Mainline  Launch  Systems 


NI^  launch  capabilities  will  be  first  implemented  at  the 
NASA  Kennedy  Space  Flight  Center  (KSC),  using  the 
Shu ttle  Vehicle  Assembly  Bu ilding  (VAB) and  I-^unch Com¬ 
plex  39  (LC-39).  Next.  NLS  will  be  implemented  at  Cape 
Canaveral  Air  Force  Station  (CCAFS)  with  a  single  launch 
pad  and  processing  facilities  compatible  with  the  Integrated 
Transport  Launch  (ITL)  concept.  NI.S  evolution  planning 
envisions  additional  launch  capabilities  at  Canaveral. 

In  April.  1991.  the  NLS  Program  was  reviewed  and  approved 
by  the  US  National  Space  Council  as  a  major  initiative  for 
fulfilling  national  space  transportation  lift  capability,  oper¬ 
ability,  and  cost  reduction  needs.  Presently,  its  future  is  being 
debated  again  in  Congress. 

5.2.2  Europe 

Europe  is  currently  developing  the  Ariane  5  as  a  successor  to 
Ariane  4  but  using  a  completely  new  design.  Its  objectives 
are  to  deliver  into  GTO  one  or  more  satellites  having  a  total 
mass  of  15.000  lb  (6.800  kg)  or  to  deliver  the  Hermes  space- 
plane  weighing  48,500  lb  (22.000  kg)  into  a  50  x  250  nm  (93  x 
463km)transferorbitat28,5dcg.  Currentlythe  Hermespro- 
gram  is  under  review. 

.Ariane  5  is  an  ESA  development,  but  it  is  intended  to  satisfy 
the  commercial  and  non-commercial  markets  into  the  next 
century  and  will  be  assigned  to  Arianespace  about  a  year 
after  first  flight,  which  is  predicted  for  1991  Following  on  the 
success  of  the  Ariane  4,  it  is  conceived  as  a  family  of  vehicles. 
A  new  deployment  system.  SPELTRA  (Structure  Portcuse 
Exteme  Lancement  Triple  Ariane)  and  standardized  pay- 
load  support  structures  will  be  available  to  aca>mmodatc 
single,  dual .  and  triple  satellite  launches  and  to  accommo¬ 
date  small  piggy-back  payloads.  The  capabilities  of  Ariane  5 
are  listed  in  Figure  2. 

5.2.3  Japan 

The  first  launch  of  the  H-2  vehicle  was  originally  planned  for 
1992,  although  problems  with  the  development  of  the  LE-7 
LH2/LOX  engine  will  now  delay  this  event.  The  H-2  is 
expected  to  be  offered  for  commercial  launches.  Its  charac¬ 
teristics  are  shown  in  Figure  6. 

6.  SMALL  FIXED/RELOCATABLE/  MOBII.E  LAUNCH 
SYSTEMS 

Small  fixed,  relocatable,  or  mobile  launch  systems  are  a  cate¬ 
gory  of  launch  systems  intended  to  launch  relatively  small 
payloads  (and  particularly  commercial  payloads)  at  low  cost. 
Because  their  operational  procedures  are  simpler  than  the 
mainline  systems,  their  response  times  tend  to  be  shorter  and 
their  launch  flexibility  to  be  greater  than  the  mainline  sys¬ 
tems.  Since  they  have  these  characteristics,  and  their  payload 
capabilities  are  compatible  with  launching  small  payloads  to 
low  energy  orbits,  they  are  strong  candidates  for  performing 
the  low  altitude  *acsat  missions.  Figure  7  illustrates  two  types 
of  orbits  that  satisfy  the  low  altitude  surveillance  missions  to 
sun-synchronous  or  target  inclination  orbits.  Figure  7(a) 
shows  the  condition  where  the  satellite  is  launched  from 
Cape  Canaveral  at  an  inclination  equal  to  the  latitude  of  the 
target  area.  This  has  the  virtue  of  passing  over  the  target  on 
the  first  pass,  and,  because  the  orbit  is  almost  parallel  to  the 
target  latitude,  the  target  will  stay  in  view  for  several  revolu¬ 
tions.  Moreover,  by  placing  several  satellites  in  the  same  in¬ 
clination,  but  spaced  around  the  globe  from  the  original  or¬ 
bit,  significant  view  time  of  the  target  can  be  achieved  each 
day.  In  contrast.  Figure  7(b)  shows  near  polar  orbits 
(sun-synchronous)  where  each  satellite  overpasses  every  tar¬ 
get  on  the  globe  twice  per  day.  By  having  several  satellites  in 
orbits  with  the  same  inclination  but  spaced  apart,  a  target  can 
be  viewed  in  daylight  at  several  different  times  a  day. 


Figure  6.  Current  and  Planned  Japanese  Launch  Systems 
TARGET  INCLINATION  ORBrrS  SON-SVNCHRONOUS  ORBITS 


(a)  (b) 


Figure  7  Loin  Altitude  Surveillance  Mission  Orbits 

6.1  Current  and  Near-Term,  Planned  and  Proposed 

6.1.1  United  Slates  (US) 

Table  2  shows  the  characteristics  of  a  number  of  small  fixed 
or  relocatable  US  launch  vehicles  that  exist  or  are  in  develop¬ 
ment.  The  Scout  1.  which,  in  any  case,  is  currently  out  of  pro¬ 
duction.  can  only  deliver  400  to  600  lb  (181  to  273  kg) 
payloads  to  the  low  Earth  orbits  of  interest.  The  Scout  II  and 
the  Pegasus  air-launchcd  booster  have  approximately  the 
same  payload  capability  to  LEO  in  the  600  to  900  lb  (273  to 
409  kg)  range.  The  Pegasus  has  the  advantage  of  flexible 
launch  point  location  and  all-azimuth  capability.  The  Cones¬ 
toga  family  of  space  launchers  provides  a  range  of  payload 
capabilities  by  adding  strap-on  boosters  to  the  basic 
four-stage  core  vehicle.  It  should  be  pointed  out  that  the  only 
configuration  that  has  flown  is  Conestoga  I.  which  success¬ 
fully  flew  a  sub-orbital  mission  in  1980.  The  Conestoga  IIA 
version  offers  2  to  3  times  the  payload  capability  of  the 
Scout  1  at  the  same  price  ($10-12M).  according  to  the  man¬ 
ufacturer.  The  Taurus,  which  is  under  development  by  Or¬ 
bital  Sciences  Corp  (OSC)  for  the  Defense  Advanced 
Research  and  Planning  Organization  (DARPA).  provides 
considerable  payload  capability  to  LEO.  In  many  cases  only 
one  satellite  per  ring  is  required,  but  several  rings  properly 
spaced  to  achieve  extended  coverage  may  be  needed.  If  this 
is  the  case,  the  additional  capability  of  the  Conestoga  or  the 
Taurus  may  be  used  to  permit  carrying  excess  propellant  in, 
say,  one  of  two  satellites  to  boost  it  to  a  higher  altitude  and 
different  inclination  in  order  to  generate  a  differential  nodal 
regression  between  the  two  satellite  planes.  Nodal  regres¬ 
sion  of  a  satellite  plane  is  due  to  forces  exerted  on  the  satellite 
caused  by  the  Earth’s  oblateness.  These  forces  tend  to  make 
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Table  2,  Current  and  Planned  Small  US  Fixed/Relocatable/Mobile  Launch  Systems 


LAUNCH  VEHICLE 

SCOUT  1 

SCOUT 2 

PEGASUS 

PEGASUS  XL 

TAURUS 

CONESTOGA 

..A 

CONESTOGA 

IHA 

RESPONSIBLE  AGENCY 

NASA 

NASA 

OARPA 

USAF/NASA 

DARPA 

NASA 

NASA 

PRWE  CONTRACTOR 

LTV 

LTV 

OSC 

OSC 

OSC 

EER 

EER 

PERFORMANCE  ()b) 

LEO  DUE  EAST 

too  nm  CIRC 

600 

11S0 

740 

940 

2800 

1400 

1800 

300  nm  CIRC 

SOO 

925 

540 

760 

2500 

1250 

1500 

LEO  POLAR 

too  nm  CIRC 

460 

820 

560 

720 

2300 

1200 

1550 

300  nm  CIRC 

400 

750 

390 

570 

1900 

1050 

1350 

GTO 

120 

240 

620-1100 

RELIABILITY  -% 

95 

- 

- 

- 

- 

- 

- 

PAYLOAO  ACCOMMOOAnON 

DIAMETER  >  ft 

2.5. 3.2 

2.5  TO  2.8 

38 

38 

SO 

41 

4.1 

CYLINDER  LENGTH  -  H 

2  S:  4,0 

2  7  TO  40 

30 

39 

80 

0.9 

69 

CONE  LENGTH  -  ti 

1.3;  2.5 

12  TO  3.S 

3.3 

33 

90 

3.3 

33 

INITIAL  LAUNCH  CAPABILITY 

1960 

1990 

1990 

1993 

1993 

‘20  mo 

*20  mo 

(out  ot 

FROM  1 

FROM 

production) 

GO-AHEAD  1 

GO-AHEAD 

COST/FLIGHT  -  S91  U 

10-12 

IS 

6 

13-14 

15* 

10-12  ; 

12-15 

‘ConMtOQj  I  (>««r  tubortMUi  m  1980 


the  orbital  plane  effectively  precess  about  the  polar  ;ixis  of 
the  Earth.  When  the  plane  of  the  second  satellite  h;is 
achieved  the  desired  separation  from  that  of  the  first,  a  sec¬ 
ond  burn  of  that  satellite's  propulsion  can  be  u.sed  to  return 
the  satellite  to  the  same  altitude  and  inclination  its  the  other. 
In  this  case,  the  excess  btxist  capability  of  the  I'aurus  might  be 
used  to  launch  a  silent  spare.  It  should  be  pointed  out  that 
the  Taurus  system  is  being  designed  to  be  relocatable  for  sur¬ 
vivability  reasons  since  it  was  proposed  for  Space  Defense 
Initiative  (SOI)  use.  TheSDI-posiulated  requirement  for  the 
system  was  to  be  able  to  establish  a  launch  site  in  five  days 
and  launch  a  satellite  three  days  later.  A  convoy  of  trucks  car¬ 
rying  the  appropriate  equipment  provides  this  capability 
Further  study  is  required  to  determine  if  this  capability  is  of 
any  benefit  to  the  taesat  mission, 

Seoul  I.  The  NASA  Scout  vehicle  became  operational  in 
1960;  as  of  July  1991  only  four  vehicles  remained.  It  is  a 
four-stage,  solid  propellant,  scries  burn  rtKkct.  I'he  Scout 
can  deliver  146  kg  to  a  sun-synchronous  polar  orbit.  460  lb 
(220  kg)  to  a  LEO  polar  orbit  (launched  from  Vandenberg). 
or  570  lb  (259  kg)  to  an  easterly  (37.7  deg) orbit  launched  from 
Wallops  Island.  Virginia.  I'he  Scout  is  essentially  phttsed  out 
as  a  US  launch  vehicle  although  it  is  anticipated  that  the  Ital¬ 
ians  will  support  an  enhana'd  (Scout  2)  program  m  cixipera- 
tion  with  US  industry.  The  Italians  will  launch  from  San 
Marco,  off  the  coast  of  Kenya, 

The  minimum  Scout  launch  vehicle-only  cost  is  quoted  at 
SIAM,  which  increases  to  $12-13M  for  full  launch  service 
This  translates  to  $25,000  to  $37,300  per  lb ($55.00  to  $82.(K)0 
per  kg),  which  dtxts  not  compare  favorably  with  the  current 
industry  average  of  $10,(XX)  to  $11,800  per  lb  ($22,0(K)  to 
$26.(KX)  per  kg)  for  delivering  large  commercial  satellites  to 
UI'O 

Scout  2.  An  upgraded  version  (Saiut  2)  has  been  studied  lh;it 
c:in  double  the  payload  capability  of  Scout  1  Strap-on  solids 
,ind  an  apogee  kick  motor  added  to  the  existing  core  vehicle 
yield  the  enhanced  performance. 

Taurus,  Taurus  is  a  DARPA  development  of  a  Standard 
Small  Launch  Vehicle  (SSLV)  based  on  the  Pegasus  with  the 
addition  of  a  Peacekeeper  first  stage.  It  will  deliver  3,(XX)  lb 
(1.364  kg)  to  LEO  or8(X)  lb  (.364  kg)  to  GEO.  Taurus  will  be 
ground-launched  and  will  demonstrate  the  rapid  establish¬ 


ment  of  .1  ground  mobile  launch  capability  A  response  time 
of  72  hours  Irom  alert  to  Itiunch  is  the  goal. 

(  ouesiona.  This  is  a  commercial  development  of  Spaa:  Ser¬ 
vices  Inairporatcd  (SSI),  which  is  now  a  division  of  EER.  .A 
Nr\S.\-funded  elfort  entitled  the  (  ommercial  Experiment 
Transporter  (COMET)  using  commercial  business  practices 
IS  underway  at  Westinghousc  Electnc  Corporation  to  dem¬ 
onstrate  the  economical  development  of  a  reliable  launch 
and  payload  recovery  system.  SSI  ts  providing  the  launch  ser¬ 
vices  segment  of  the  program  and  is  using  rocket  technology 
developed  by  Israeli  .Aircraft  Industry  (l.AI).  rather  than  sur¬ 
plus  I  IS  government  motors,  to  increase  reliability  and 
reduce  insurance  costs.  The  family  ol  vehicles  is  designed  for 
evolutionary  growth. 

Conestoga  II  delivers  a  payload  of  700  lb  (318  kg)  to  250  nm 
(463  km)  polar  orbit,  or  4(X)  lb  ( 182  kg)  to  4(X)  nm  (740  km) 
polar  orbit  Conestoga  IV  delivers  payloads  of  2.(XX)  lb 
(‘X19  kg)and  1  SIX)  lb  (682  kg),  respectively.  The  vehicle  family 
IS  designed  to  use  a  relocatable  launch  site.  Launch  is  nomi¬ 
nally  irom  Wallops  Flight  Facility.  V.XFl).  or  White  Sands 
Missile  Range.  In  addition,  the  vehicles  are  also  designed  to 
be  compatible  with  proptiscd  Flawaii.  Florida,  or  Cape  York 
spaceports. 

Orbital  lixpress.  A  contract  htis  been  awarded  to  Internation¬ 
al  Microspace.  Inc.  for  launch  services  lor  the  SDIO's  Minia¬ 
ture  .Seeker  Technology  Integration  (MSTI)  progiaui. 
International  Microspace,  of  Herndon,  Virginia,  is  offering 
Its  Orbital  Express  ground-based  launcher  to  deliver  a  pay- 
load  of  4(X)  lb  ( 182  kg)  into  a  sun-synchronous  orbit.  The 
( )rbital  Express  has  a  Castor  IVh  first  .stage.  Cttstor  I  second 
stage.  Star  31  third  stage,  and  a  Star  20  fourth  stage.  It  is 
expected  to  be  operational  in  late  1993.  and  is  one  memberof 
a  planned  family  of  vehicles. 

Pegasus.  The  US  Pegtisus  is  the  only  .system  currently  avail¬ 
able  that  provides  a  mobile,  all-a/imuih  launch  platform  and 
therefore  has  the  potential  to  satisfy  any  launch  flexibility 
requirements  of  the  taesat  mission.  The  development  pri> 
gram  is  a  privately  funded  joint  venture  by  Orbital  Sciences 
C'orporation  (OSC)  and  Hercules  Aerospace  (Company 
Pegasus  IS  a  three-stage,  solid-profiellant.  inertially  guided, 
all  composite,  winged  launch  vehicle  based  on  Trident  and 
Pershing  motor  technology  Flighus  that  have  been  made  so 
far  have  utilized  a  Hoeing  H-52  to  Icvcl-tlight  conditions  at 
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approximately  40.000  ft  (12.200  m)  and  a  speed  of  Mach  0.8. 
.After  release  from  the  aircraft  and  ignition  of  the  Stage  1 
motor,  the  autonomous  flight  control  system  provides  all  the 
guidance  necessary  to  produce  a  wide  range  of  suborbital  and 
orbital  trajectories.  The  development  program  was  begun  in 
early  1987.  and  the  vehicle  has  ^‘en  available  for  launch  ser¬ 
vices  to  both  government  and  commercial  users  beginning 
with  its  first  orbital  flight  in  April  1990.  I  he  seaind  flight  of 
the  Pegasus  featured  a  ncwojicrational  propulsion  unit  and  a 
guidance  upgrade.  After  burnout  of  the  third  solid-fuel 
stage,  a  small  liquid  propulsior.  unit,  dubbed  HAPS  (Hydra¬ 
zine  Auxiliary  fVopulsion  System),  functions  as  a  precision 
orbital  injection  kit.  In  addition,  a  Global  Positioning  System 
(GPS)  receiver  serves  as  a  redundant  source  of  navigation 
information,  while  the  Inertial  Measurement  Unit  (IMU) 
serves  as  the  primary  source.  The  current  configuration, 
when  air-launched  from  a  H-52  bomber,  delivers  750  to 
l.(X)0  lb  (341  to  454  kg)  of  payload  to  a  due  east  orbit  and  560 
to  750  lb  (255  to  341  kg)toa  LEO  polar  orbit-  Improvements 
have  been  identified  to  increase  the  payload  capability  to 
2.500  to  3.1(K)  lb  (1136  to  1409  kg)  to  due  east  and  1,880  to 
2,300  lb  (818  to  1045  kg)to  LEO  polar  orbits.  A  UK-khced 
1,-1011  is  being  modified  to  serve  as  a  avmmcrcial  launch 
platform.  Currently  Pegasus  gets  95%  of  its  revenue  from 
government  contracting.  Cost  is  about  $6.SM  per  flight  to 
LEO.  C’ommcrcial  flights  are  being  offered  at  about  S4  5M 
per  flight  to  LEO. 

LIV Standard SmaillMWKh  I'duclelSSl.l')  The  LfVfLing' 
Tempeo/Vought)  Standard  Small  Launch  Vehicle  (SSLV)  is 
intended  to  be  a  transportable,  ground-launched  vehicle  with 
the  ability  to  be  rapidly  deployed  I  he  response  lime  goal, 
from  alert  to  launch,  is  72  hours.  Payload  requirements  range 
between  the  Pegasus  and  Delta  class  vehicles  (l.tXK)  Ih 
(455  kg)  into  a  4(K)  nm  (740  km)  polar  orbit)  and  the  capa¬ 
bility  to  launch  multiple  light.sats  into  LEO orsingle  ligbtsai.s 
into  a  variety  of  highly  elliptical  orbits,  which  can  miwimi/e 
time  over  a  particular  theater  of  operations  (4. 6. 8.  or  12  hour 
Molniya  orbits).  The  SSLV  proposes  to  utilize  Minuteman. 
Polans.  or  Poseidon  stages. 

'['he  future  availability  of  this  family  of  vehicles  is  unsure 
since  LTV  is  bankrupt  and  the  LTV  missile  part  of  the  com¬ 
pany  IS  being  auctioned  to  the  highest  bidder.  .At  this  time,  a 
bid  from  a  group  led  by  Iziral  is  favored. 

SEAI^R.  The  Naval  Research  Laboratory  (NRL)  Sea 
f  ,aunch  and  Rea)vcry(SEAIv\R )  is  conceived  as  a  two-stage 
liquid-fueled  launch  vehicle  that  would  take  off  from  the 
(Kean  surface.  The  first  stage  would  fall  back  into  the  ocean 
and  be  recovered.  Its  design  goal  is  to  lift  10.000  Ib  (4.545  kg) 
into  LEO  for  $500  per  Ib  (SI.IIX)  per  kg).  I'hc  Navy  has 
drop-tested  a  prototype  built  by  Iruax  Engineering.  Sara¬ 
toga.  California.  Todatc  the  SEAI„^\K  project  h;is  been  sup¬ 
ported  by  lim  ited  Navy  research  and  development  and  SDIO 
funding. 

Others.  There  arc  other  US  aimpanics  attempting  to  market 
small  low-cost  launch  systems,  including  the  American 
RcKkcl  Company  (AMROC).  which  is  proposing  the  hybrid 
A(x|uila  Industrial  l-aunch  Vehicle  (ILV);  IxKkhccd  Missile 
and  Space,  which  has  proposed  vehicles  based  on  Sea 
I,aunchcd  Ballistic  Mcssilc  (SLBM)  technology;  Pacific 
American  1-aunch  Systems,  which  is  projxtsing  the  Liberty 
lA  vehicle;  and  E'Primc.  which  is  proposing  the  Eagle  launch 
vehicle  for  deploying  the  commercial  Iridium  satellite  ain- 
stellation.  E’Primc  is  al.so  promoting  the  "Unified  Satellite 
'rran.sfcr  Mixlulc  (USTM),"  which  exploits  ihc  concept  of  a 
standardized  satellite  bus  integrated  as  an  intrinsic  part  of 
the  launch  vehicle  development.  GSC  is  also  promiiting  a 
similar  concept  as  part  of  the  Pegasus  program.  The  ainccpt 
of  a  standardized  bus  may  be  a  way  of  reducing  the  cost  of  the 


taesat  mission.  Examples  of  microbuscs  in  the  aimmercial 
sector  that  are  actually  m  prixluction  include;  the  European 
Space  Agency  (ESA)  Ariane  lechnology  Expenment  Plat¬ 
form  (Ar'TEP).  the  French  Matra  Janus,  the  Italian  Italspa- 
zio  Microsat.  and  the  British  University  of  Surrey  UoSat. 
built  by  Surrey  Satellite  Technology  Ltd 

6.1.2  Japan 

.M-V  Senes.  The  first  of  the  M  Famiiyof  vehicles  were  either 
three-  or  four-stage  all  solid-propellant  vehicles  made  use  of 
aertxiynamic  and  spin-siabilization  amtrol  techniques 
I-atcr  versions  used  scamdary  fuel  injection  for  thrust  vector 
control  in  response  to  an  on-board  autopilot,  and  eventually 
the  aintrol  system  was  digitized  to  increase  control  logic 
design  flexibility  and  to  reduce  power  and  weight  needs.  The 
current  production  version  is  the  M-JS-II.  whose  characteris¬ 
tics  are  listed  in  Figure  6 

6.1.3  India 

SLV Series  The  Augmented  Space  Launch  Vehicle  (ASLV) 
can  lift  330  lb  (ISO  kg)  into  LEG  The  launch  of  the  Polar 
Satellite  I.aunch  Vehicle  (PS LV).  planned  for  March.  1993.  is 
expected  to  deliver  h.WIO  Ib  (3.m)0  kg)  to  LEO.  The  PSLV. 
unlike  the  .ASLV.  which  is  aimpo.sed  of  four  solid  stages  and 
two  strap-ons.  will  use  liquid  second  and  fourth  stages.  The 
1  S  has  placed  sanctions  on  the  Indian  Sp.ice  Research  Orga¬ 
nization  (ISR  ( ))  lor  buying  advanced  rix:ket  technology  from 
Ru,s.sia.  The  characteristics  of  the  Indian  vehicles  are  listed  in 
figure  8, 
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Figure  8  Current  and  Planned  Indian  Launch  Systems 

6.1.4  l.srael 

Shavit.  The  Shavit  (which  translates  to  (romet)  is  a 
thrcc-stagc  .solid  propellant  vehicle  and  is  a  mtxJification  of 
the  Jericho  II  Intermediate  Range  Ballistic  Missile  (IRBM) 
The  Jericho  is  claimed  to  be  capable  of  launching  a  660  lb 
(.)00  kg)  warhead.  A  satellite.  Offcq  2.  was  launched  succcs.s- 
fully  on  1  April.  I'ffO  into  an  elliptical  orbit  with  a  ficngec  of 
126  nm  (2l()  km)  and  an  apogee  of  900  nm  ( 1.500  km).  The 
satellite  weight  is  estimated  to  be  352  lb ,  iuC  The  LEu 
capacity  is  an  estimated  440  lb  (200  kg)  into  a  retrograde 
orbit. 
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6.1.5  Braiil 

PXS.  The  VLS  launch  system  is  a  conventional  solid  propel¬ 
lant  four-stage  system  developed  from  the  family  of  Sonda 
sounding  rockets.  It  is  designed  to  deliver  220  to  440  lb  (100 
to  200  kg)  payloads  into  circular  orbits  ranging  from  135  to 
540  nm  (250  to  1,000  km)  at  various  inclinations.  The  nomi¬ 
nal  payload  is  150  kg  into  a  750  km  circular  equatonal  orbit. 

6.2  Future  Planned  and  Proposed 

6.2.1  Australia 

A  consortium  of  Australian  companies  led  by  British  Aero¬ 
space,  Australia.  Ltd  is  engaged  in  supporting  a  joint  venture 
between  Auspace  Pty  Ltd  and  Hawker  de  Havilland  Ltd  to 
develop  the  Southern  Launch  Vehicle  (SLV)  (sometimes  re¬ 
ferred  to  as  the  Australian  Launch  Vehicle).  The  SLV  is  seen 
as  a  carrier  of  small  satellites  into  LEO  with  payloads  up  to 

1.5  tonnes.  The  Association  of  Australian  Aerospace  Indus- 
•'ies  has  also  suggested  the  development  of  a  lightsat  plat¬ 
form  based  on  the  proven  British  UoSat  microsatcilite  tech¬ 
nology.  Initial  launches  would  be  made  from  Woomera.  but 
if  the  Cape  York  facility  is  developed,  launches  could  take 
place  from  there  too.  Eight  to  10  launches  per  year  are 
projected. 

6.2.2  United  KingdorrnKorway 

Little  Launcher  for  Low  pMrth  Orbit  (LittLEO).  The  commer¬ 
cial  LittLEO  program  is  being  undertaken  by  General  Tech¬ 
nology  Systems  Ltd  and  the  Norwegian  Space  Center(Norsk 
Romsenter)  to  offer  a  low-cost  and  reliable  means  of  placing 
small  payloads  into  both  polar  and  sun-synchronous  orbits 
i.om  a  European  launcii  site.  The  LittLEO  is  a  solid  propel¬ 
lant  vehicle  capable  of  placinga  1.320  lb  (600  kg)  payload  into 
a  243  nm  (450  km)  polar  orbit  or  1,547  lb  (703  kg)  into  a 
162  nm  (300  km)  polar  orbit.  It  would  be  launched  from  the 
Andoya  Rocket  Range  (69  deg  17  min  N.  16  deg  01  min  E). 
More  than  400  sounding  rockets  have  been  launched  from 
this  site.  LittLEO  could  also  launch  2,006  lb  (912  kg)  into  a 
162  nm  (300  km)  polar  orbit  from  Italy’s  San  Marco  launch 
site. 


6.2.3  Spain 

Capricomio.  The  fnstituio  Nacional  De  Tecnica  Aerospacial 
(ir^A)  has  announced  a  new  rocket  development,  the 
Capricomio,  which  is  intended  to  provide  low-cost  space 
transportation  for  the  scientific  and  communications  com¬ 
munity,  It  is  a  three-stage  all-solid  rocket  capable  of  placing 
1 10  to  220  lb  (50  to  100  kg)  into  a  324  nm  (6(X)  km)  polar  orbit. 
Tests  will  be  conducted  from  El  Arenosillo  (Huelva),  and 
there  are  plans  to  build  a  future  launch  complex  in  the 
Canary  Islands. 


6.2.4  Commonwealth  of  Independent  States  (CIS) 

Space  Clipper.  Yuzhnoye  NPO,  based  in  the  Ukraine,  is  pro¬ 
posing  an  air-launched  commercial  launch  system,  spaceclip- 
per,  which  is  planned  to  be  available  in  1S>94.  The  system 
consists  of  an  An-124  carrier  aircraft  and  a  choice  of  several 
three-  or  four-stage  solid  propellant  launch  vehicles  (derived 
from  the  SS-24  missile)  that  are  launched  from  the  cargo  bay 
of  the  An-124.  A  choice  of  six  different  solid  rocket  launchers 
has  been  proposed.  The  baseline  system  is  capable  of  deliv¬ 
ering  1,  IIX)  Ib  (5(X)  kg)  to  LEO  and  is  mcxlularized  to  provide 
six  different  versions  of  the  vehicle  and  adapt  to  a  wide  van- 
ety  of  orbital  requirements.  The  maximum  takeoff  weight  is 
392  tonnes,  and  the  system  is  claimed  to  be  able  to  operate 
from  any  airfield  capable  of  servicing  a  Boeing  747.  To  avoid 
technology  transfer  restrictions,  the  installation  of  the  pay- 
load  can  be  performed  on-board  the  Antonov  at  the  custom¬ 
er's  airfield.  Yuzhnoye  plans  to  modify  two  An-i24  aircraft, 
and  there  are  more  than  100  SS-24s  in  inventory.  It  is 


claimed  that  the  aimbustion  products  of  the  Space  Clipper 
are  non-polluting.  Yuzhnoye  also  builds  the  Zenit  commer¬ 
cial  launcher.  The  Space  Clipper  amcept  is  illustrated  in 
Figure  9. 


Figure  9  Air-Some  Mcbils  Launch  Vehicles 

7.  BALI.LS TIC  MISSlI.E-DK.RIVEn  lAUNCH 
SYSTEMS 

/\s  a  result  of  the  US/f.'IS  Strategic  /\rms  Reduction  Talks 
(START)  agreements,  the  use  of  surplus  strategic  ballistic 
missiles  for  launching  taesats  needs  to  he  considered.  There 
are.  of  course,  many  rssues  that  must  be  addrc.sscd  in  deter¬ 
mining  the  practicality  and  advantages  of  this  option.  The 
factors  include  the  latest  trends  m  the  arms  reduction  talks  in 
terms  of  determining  the  types  and  numbers  of  strategic  bal¬ 
listic  missiles  that  might  become  available  and  any  treaty 
restrictions  on  their  use  as  space  launchers:  the  payload  capa¬ 
bility  to  lypical  orbits  of  interest  and  the  payload  compart¬ 
ment  d  tensions:  and  estimates  of  the  non-recurnng  and 
rccurri  costs  With  respect  to  launch  responsiveness,  the 
land-bhscd  ballistic  missile  on  alert  status  represents  the  ulti¬ 
mate.  with  response  times  in  the  order  of  seconds.  The  cost 
and  other  issues  related  to  maintaining  this  type  of  capability 
presents  the  limiting  ciise  of  launch  responsiveness. 

The  trend  in  the  strategic  nuclear  warhead  reduction  talks  is 
for  both  the  US  and  the  (TS  to  go  in  two  phases  from  the  cur¬ 
rent  total  count  for  ail  three  legs  of  the  Iriad  of  somewhat 
more  than  lO.CXK)  warheads  to  3.(KX)-3.5(K)  warheads  by  the 
year  2(X)3  I'lie  first  phase  reduces  the  total  number  of  war¬ 
heads  to  3,800-4,250  in  seven  years  or  less  from  the  execu¬ 
tion  date  of  the  treaty  Within  these  overall  Triad  limits, 
there  arc  specific  limits  placed  on  the  Intercontinental  Ballis¬ 
tic  Missile  (ICBM)  and  Sea  Launched  Ballistic  Missile 
(SLBM)  forces.  At  the  end  of  the  first  phase,  the  number  of 
ICBMs  cannot  exceed  1.2(X).  and  the  numberofSLBMs  can¬ 
not  exceed  2160;  for  the  second  phase  these  limits  are  1,200 
and  1,750.  respectively.  In  the  second  phase  there  is  also  a 
requirement  that  all  the  remaining  ICBMs  carry  only  one 
warhead  each,  while  the  SLBMs  can  continue  to  carry  multi¬ 
ple  warheads. 

7.i  United  States 

Within  the  limits  outlined  above,  there  are  still  a  large  num¬ 
ber  of  jxissiblc  distributions  of  specific  missile  reductions  and 
therefore  of  their  availability  for  space  launch.  However,  as 
far  as  US  missiles  arc  concerned.  Table  3  shows  a  generally 
accepted  retirement  .schedule  and  indicates  that,  between 
now  and  the  year  2000-2003,  the  Minuteman  !ls  (MM-IIs) 
and  the  Navy  Poseidon  03  and  Trident  C-4  missiles  will  be 
retired  and  may  be  available  for  other  applications.  After 
that  time  period,  the  Treaty  will  require  Peacekeeper  missiles 
to  be  retired  because  of  Multiple  Independently-Targeted 
Reentry  Vehicle  (MIRV)  limitations  and  specific  de-MIRV- 
ing  rules.  I'hc  exact  number  of  Peacekeepers  that  would  be 


Table  3.  US  Ballistic  Missile  Retirement  Schedule 


•  MINUTEMANII 

-  BEGAN  "  ANSFERRING  BETWEEN  20  AND  30  THIRD 
STAGES  TO  STORAGE  IN  1991 

-  450  WILL  EVENTUALLY  BE  RETIRED 

-  COMMERCIAL  THIRD  STAGE  (Aerojet  Orbus)  GIVES 
MM-II-DERIVATIVE  SAME  PERFORMANCE  AS  MM-II 

e  PEACEKEEPER 

-  RECENT  DEVELOPMENT 

'  50  MISSILES  MAY  BE  RETIRED  IN  1995 

•  POSEIDON  C3 

-  NAVY  WILL  MAKE  100  AVAILABLE  TO  AF/BMO 

-  REMAINDER  TO  BE  DESTROYED 

•  TRIDENT  C4 

-  NAVY  WILL  RETAIN  INDEFINITELY 


available  then  wll  depend  on  (Congressional  decisions  for  ad¬ 
ditional  buys,  but  the  number  will  be  at  least  the  fifty  cur¬ 
rently  deployed. 
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Figure  10  US  Ballistic  Missile-Denved  Launch  Vehicle 
Performance  Charactenstes 


Regarding  any  constraints  on  the  use  of  these  assets,  it  is  par¬ 
ticularly  noteworthy  that  in  contrast  to  the  International 
Nuclear  Force  ( INF) (1  heater)  Tactical  Nuclear  Missile  I.iin- 
itation  IVeaty.  which  requires  each  side  to  destroy  these  mis¬ 
siles.  the  START  treaty  voll  not  only  not  require  that  the 
retired  missiles  be  destroyed,  hut  •'■ill  explicitly  permit  thetr 
use  as  space  launchers  subject  to  certain  conditions.  I  hesc 
conditions  include  the  following: 

•  The  vehicles  must  be  launched  from  existing  test  ranges 
or  space  launch  facilities,  including  up  to  no  more  than 
seven  new  launch  pads  at  the  existing  sites. 

•  The  vehicles  cannot  be  launched  from  mobile  launchers. 

•  The  vehicles  cannot  be  launched  from  an  airplane  orany 
waterborne  platform,  other  than  a  submarine. 

•  Telemetry  must  be  transmitted  unencrypted,  and  a  tape 
supplied  to  the  other  party  to  the  treaty,  except  for 
11  missions  peryear  using  fully  retired  vehicles  that  may 
return  encrypted  data. 

Figure  10  shows  the  performance  of  the  ballistic  missile 
derivatives  to  four  typical  orbits..  Although  it  currently  does 
not  appear  likely  that  the  MM-III  fleet  -vill  be  retired. 
MM-IIf  data  is  presented  because  the  commercially  avail¬ 
able  Orbus  third  stage  converts  MM-II  performance  to  that 
of  MM-IH.  It  is  seen  that  the  MM-II  and  the  Poseidon  C3 
have  fairly  limited  performance,  while  the  MM-Il/(Jrbus  htis 
capability  that  is  closer  to  the  taesat  range  of  interest.  T  he 
Peacekeeper  has  fairly  significant  capability  but  may  not  be 
available  for  other  applications  until  2003  and  beyond  with 
the  possible  exception  of  the  50  missiles  mentioned  earlier. 
The  volume  available  for  the  payload  is  somewhat  smaller 
than  that  of  other  small  launch  vehicles,  but  preliminary 
in-house  Aerospace  studies  of  small  Peacekeeper-launched 
satellites  with  no  modifieation  to  the  external  dimensions  of 
the  launch  vehicle  (so  it  could  still  be  launched  from  a  silo  if 
.survivability  is  an  issue)  indicate  it  is  feasible  lo  package 
viable  satellites.  For  cases  where  survivability  is  not  an  issue, 
the  payload  fairing  can  be  enlarged  to  provide  more  room  at 
the  expense  of  some  performance.  Other  factors  that  must 
be  studied  in  more  detail  include  the  feasibility  of  designing 
satellites  to  withstand  the  more  severe  launch  environment 
produced  by  ballistic  missiles,  that  is.  the  11  g's  acceleration 
of  Peacekeeper.  Again,  very  preliminary  estimates  indicate 
this  should  not  be  a  problem.  Finally,  the  costs,  which  have 
been  provided  by  th*'  Air  Force  Multi-Service  Launch  Sys¬ 
tems  (MSI5)organization,  are  seen  to  be  considerably  lower 
than  those  of  the  Pegasus  and  Scout  II  vehicles  presented 
earlier  on  a  dollars  per  pound  to  orbit  basis,  and  abtiut  the 


same  as  the  Taurus  Once  again,  aintrolling  satellite  weight 
and  sr/e  is  seen  to  provide  large  dividends  in  lower  launch 
costs 

An  option  lhat  has  not  been  checked  for  viability  oraist  is  to 
launch  lacsais  from  a  submarine  at  the  South  Pole.  T  he  sat¬ 
ellite  could  be  in  orbit  before  it  crossed  the  equator.  In  the 
cascof  SI.IlMs  the  treaty  mandates:  (a)  retiring  submarines; 
(h)  reducing  the  number  of  warheads  per  tube;  or  (c) sailing 
with  empty  tubes.  If  the  empty-tube  option  were  selected, 
the  empty  tubes  could  perhaps  be  used  for  taesat  launches. 

Mimiieman  Derivatives.  Martin  Marietta  l,aunch  Systems. 
Denver.  Colorado,  has  been  awarded  a  S133M  Air  Force 
contract  ti'  modify  44  MM-lls  for  space  launch.  The  basic 
contract  IS  for  two  launches  at  $30M.  with  options  for  42 
more.  T  he  MM-IJ  has  three  .stages.  Martin  Marietta  will  add 
a  fourth  stage  (the  t  )rbus.  built  by  Aerojet),  bnnging  its  capa¬ 
bility  up  to  approximately  the  same  ;is  MM-III,  and  a  new 
guidance  system  that  would  govern  the  entire  booster.  First 
launch  i.s  expected  from  VAFII  in  1994.  Launch  costs  are 
expected  to  be  about  56M  to  S8M  jicr  launch,  with  a  future 
reduction  to  S4M  per  la  inch, 

ManslTridentiPoseidort  Derivatives,  ixxikhced  Missiles  and 
Space  Company  (LMS(?)  has  proposed  using  the  Poseidon 
(’-3  submarine  missile  as  a  small  space  launch  vehicle  that 
could  deliver  7(X)  Ib  (3 18  kg)  to  a  270  x  270  nm  (500  x  M30  km) 
70  deg  orbit.  T  here  are  about  60  C'-3  vehicles  in  storage 
Other  options  include  the  Trident  I  C-4  and  the  Trident  II 
D-5.  The  C-4  aiuld  deliver  1200  lb  (545  kg)  to  LEO;  the  D-5 
coulddcliver  20001b (909 kg).  It  should  be  noted  that,  at  this 
time.  It  does  not  appear  that  the  US  Navy  will  make  subma¬ 
rine  missiles  available  for  ainversion  and.  in  fact,  has 
plans  to  destroy  any  surplus  hardware  resulting  from  treaty 
negotiations, 

7.2  Commonwealth  of  Independent  States  (CIS) 

Thct.TS  has  surplus  ballistic  missile  hardware  it  would  like  to 
exchange  for  hard  currency.  T  he  ex-Soviet  space  organiza¬ 
tion.  Ulavkosmos,  has  reorganized  to  market  joint  Russian- 
Kazakhistan  .space  launch  services  (cooperation  is  needed 
since  the  Baikonur  (?osmodrome  is  Itxalcd  in  Kazakhstan, 
which  has  formed  its  own  national  space  agency)  and  has  test 
flown  a  converted  SS-19  missile;  there  are  about  300  SS-19 
missiles  in  inventory,  each  capable  of  carrying  six  nuclear 
warheads.  The  smaller  SS-25  can  carry  only  a  single  war¬ 
head,  but  there  are  more  than  300  in  the  military's  inventory 
The  world’s  most  powerful  ICBM.  the  SS-18,  has  also  been 
proposed  as  a  space  launch  vehicle.  This  vehicle  can  launch 
up  to  a  dozen  small  (100-2(K1  lb  or  45-91  kg)  satellites  into 
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orbit  for  less  than  $30  and  is  claimed  to  have  all-weather 
capability  There  arc  estimated  to  be  more  than  300  SS-18 
missiles  in  the  CIS.  S  TART  calls  for  a  l(X)%  reduction  in 
that  force. 

There  is  aincern  on  the  part  of  the  US  commercial  space 
launch  industry  that  the  cx-Sovict  surplus  space  hardware 
will  be  dumped  on  the  world  market.  This  may  justify  a  US 
agreement  to  convert  the  ex-Soviet  surplus  ballistic  missiles 
that  arc  not  destined  for  destruction  into  space  launchers 
that  are  held  in  reserve  and  only  launched  in  the  common 
interest  of  world  peace,  in  response  to  critical  theater  warfare 
needs. 

7.3  Kurope 

7.3.1  United  Kingdom  I  UK) 

Malcolm  Rifkind.  a  defence  secretary  in  the  Flritish  Ministry 
of  Defence,  announced  on  June  15.  1992.  that  the  only  nu¬ 
clear  weapons  Britain  will  retain  will  be  a  handful  of  WE- 177 
gravity  bombs  (as  part  of  its  commitment  to  NATO)  and  its 
strategic  Polaris  missiles.  There  is  a  debate  over  what,  if  any¬ 
thing.  should  be  done  about  the  Polaris-replacing  Trident 
program  that  is  scheduled  to  carry  128  nuclear  warheads  on 
16  Trident  missiles.  If  the  Trident  program  is  continued  as 
presently  scheduled,  it  is  possible  that  some  surplus  British 
Polaris  missile  components  will  become  available,  althi'ugh 
they  wall  probably  beaime  part  of  the  I  IS  inventory 

7.3.2  i ranee 

France  has  not  rcletiscd  a  policy  statement  on  the  future  of 
any  French  surplus  ballistic  missiles. 

7.4  Others 

It  IS  possible  that  both  Uhina  and  the  UlS  aiuld.  m  the  future, 
market  ballistic  missiles  to  developing  nations.  The  future 
will  probably  see  a  proliferation  of  ballistic  missiles  through¬ 
out  the  world.  Thina.  for  instance,  has  a  large  inventory, 
which  It  him  shown  no  inclination  to  reduce.  Other  smaller 
countries  that  feel  threatened  by  their  neighbors  are  more 
likely  to  add  to.  rather  than  reduce,  their  inventory  of  ballistic 
missiles.  The  wide  availability  of  these  weapons  could 
encourage  the  ri.se  of  dangerous  despotic  regimes  anywhere 
m  the  world,  and  establishes  a  strong  ca.se  for  conducting 
detailed  taesat  studies. 

8.  FAR- TERM  I.AUNCH  SYSTEMS 
The  emphasis  of  this  paper  is  on  current  or  near-term  launch 
system  options.  However,  taesat  studies  also  need  to  look 
into  the  next  century,  when  the  need  for  such  systems  may 
intensify.  A  number  of  advanced  systems  are  being  investi¬ 
gated  that  may  have  application  to  future  taesat  missions. 

8.1  United  States 

8.1.1  SingU-Stage-To-Orhit  (SSTO) 

A  single -stage-to-orbit  vehicle  has  long  been  the  desire  of 
many  space  transportation  planners  because  of  its  potential 
for  reducing  operational  complexity  and  cost,  and  providing 
launch-on-demand  capability  for  critical  military  .systems. 
The  SDIO  has  examined  a  number  of  .SSTO  configurations 
to  satisfy  postulated  SDK)  mission  launch  requirements,  and 
selected  the  McDonnell  Douglas  Delta  Clipper  for  further 
study.  The  Single-Stage-Rockct  Technology  (SSRT)  Pro¬ 
gram  is  now  underway  at  McDonnell  Douglas  to  validate 
some  of  the  cntical  technologies.  .A  sub-orbital  flight  from 
White  Sands  is  planned  for  1993. 

The  generic  SSTO  concept  has  some  technological  aspects  in 
aimmon  with  the  National  Aerospace  Plane  (NASH)  pro¬ 
gram  dc.scribcd  below.  However,  the  long-term  NASP  effort 
(the  X-30  program)  is  ftKuscd  on  building  an  air-breathing 
SSTO  technology  demonstrator,  with  plans  for  a 
NA.SP-<lenvcd  operational  vehicle,  whereas  the  SST  O  effort 


would  be  focused  on  building  a  prototype  operational 
nxikct-powcrcd  SS  TO  vehicle 

8.1.2  Two-Stage- I'o-Orbit  (ISTO) 

Several  US  contractors  have  presented  plans  for  developing 
a  Two-Stage- To-Orbit  (T'S  TO)  system  where  cither  one  or 
Imth  stages  arc  fully  reusable  .Although  such  concepts  have 
been  under  study  since  the  early  1960s.  they  are  presently 
only  contractor  Independent  Research  and  Development 
(IR&D)  programs  in  the  very  early  concept  exploration 
phase  of  acquisition. 

8.1.3  National  AemSpace  Plane  IN  ASP) 

The  NASP  Program  has  the  overall  goal  of  providing  the 
technological  basis  for  future  hypersonic  flight  vehicles  for 
application  to  both  civilian  and  military  systems  Currently, 
because  of  budget  ainstraints.  funding  is  being  fiKuscd  on 
power  plant  technology.  The  N.ASP  propulsion  systems  are 
to  he  largely  air-breathing,  consisting  of  combined  ram- 
jct-scramjet  engines  fueled  by  slush  hydrogen.  The  X-30  is 
not  a  prototype  of  any  specific  military  or  civilian  system  but 
wall  be  used  to  demonstrate  the  requisite  technology  for  such 
future  systems,  including  airplanes  with  hypersonic  cruise 
capability  and  fully  reusable  launch  vehicles  for  payload 
delivery  to  orbit  These  vehicles  will  u.se  con.entional  run¬ 
ways  lor  lakeolf  and  landing,  .A  National  AeroSpace  Plane 
(N.ASF)  Derived  VA’hicle  (.NirV)  would  be  an  operational 
follow-on  to  N.ASP  An  Interim  N.ASP  that  would  fly  opera¬ 
tional  sub-orbital  advanced  iac.sat  missions  has  been  sug¬ 
gested  as  a  candidate  for  supporting  taesat  missions  that 
could  evolve  in  the  next  century  T  he  N.A.SP  concept  is  illus¬ 
trated  in  Figure  1 1, 


HOTOL  (UK) 


Figure  1 1  Representative  Horizontal  Take-off  Single  Stage 
Launch  Vehicles 

8.2  Europe 

Several  Eurojaean  nations  are  investigating  advanced  fully  or 
partially  reusable  launch  vehicles  that  may  eventually  need 
to  be  arnsidered  as  space  launchers  for  taesat  missions, 
the  major  ones  being  France.  Germany,  and  the  United 
Kingdom. 

8.2.1  Germany 

Sanger.  The  Sanger  is  a  reference  concept  for  the  German 
Hypersonics  Technology  Program.  Gurrcntly  the  vehicle 
concept  is  a  two-stage  fully  reusable  system.  The  program 
was  initiated  in  1988  and  will  be  executed  in  several  consecu¬ 
tive  phases.  The  current  Phase  1  is  planned  to  continue  until 
the  end  of  1992,  with  a  possible  extension  of  two  to  three 
years.  T  he  results  of  the  program  so  far  have  ainfirmed  the 
reference  .Sanger  amcept  theoretically  and  experimentally 
Only  one  change  has  been  made  to  replace  the  expendable 
cargo  version  of  the  second  stage  by  a  reusable  unmanned 
version.  The  program  is  increasing  the  participation  of  inter¬ 
national  partners,  which  should  lead  to  a  program  proposal 
to  ESA.  Benefits  of  the  Sanger  amcept  are  that  it  would  pro¬ 
vide  a  launch  capability  from  continental  Europe,  and  its 
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mobility  would  permit  it  to  take  advantage  of  equatorial 
launch  of  the  final  stage.  I'he  Sanger  aincept  is  illustrated  in 
Figure  12, 
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Figure  12  Representatve  Hon2ontal  Take-oft 
Two-Stage  Vehicles 

8.2.2  United  Kint^dont 

Horizontal  Take-Off  and  Landing  (HOTOl.).  The  original 
ambitious  HOTOL  program  is  currently  unfunded-  The 
engine  concept  for  the  HOTOL  developed  and  patented  by 
Alan  Bond  has  been  declassified,  hut  the  Rolls-Royce 
RB5454  design  is  still  held  proprietary.  1  he  engine  is  a 
pre-cooled,  air-breathing  rcxiket  that  utilizes  air  entering 
through  a  V-wedged  intake.  The  air  is  shocked  down  to  sub¬ 
sonic  speeds  and  passed  through  a  senes  of  heat  exchangers 
and  turbocompressors  until  it  reaches  rocket  chamber  pres¬ 
sures.  I.iquid  hydrogen  and  liquified  air  fuel  the  first  phase  of 
engine  flight  up  to  Mach  5  5  at  an  altitude  of  98,430  ft  (30  km ) 
Onboard  liquid  oxygen  and  hydrogen  is  used  for  the  remain¬ 
der  of  the  flight.  HOTOL  shares  technology  needs  with  the 
US  NASP  but  Its  future  is  uncertain,  it  is  illustrated  in 
Figure  It. 

8.3  United  Kingdom/Kussia 

Intenm  HOTOL.  A  joint  British/Russian  development  to  fly 
an  interim  version  of  the  British  HO  TOL  on  the  Russian 
Antonov-225  "MPIR"  heavy  lift  aircraft  is  underway  Succes¬ 
sful  wind-tunnel  tests  at  simulated  speeds  of  Mach  10.5  and 
14  have  been  conducted  at  the  Ucntral  Aerohydrtxlynamics 
Institute (TsAGf)  in  their  1-128  wind  tunnel  in  Mosaiw  The 
three  organizations  have  signed  agreements  among  them¬ 
selves  as  well  as  with  their  respective  governments.  British 
.Aerospace  is  defining  the  Acrospaccplane  and  airborne 
support  systems.  lamited  resources  are  available,  but  the 
European  Community  Commission  has  been  approached  by 
British  Aerospace  for  supfiort  since  the  commission  has  said 
It  would  entertain  joint  European/Soviet  (now  (?IS)  aero¬ 
space  ventures. 

The  vehicle  is  planned  to  carry  a  payload  of  15.400  to 
I7.6{X)  lb  (7.000  to  8.0(X)  kg)  into  LEO  after  being  launched 
from  the  An-22j  at  an  altitude  of  about  29,500  ft  (9  km).  The 
An-225  requires  the  addition  of  two  extra  Soviet  1)-18 
engines.  Rolls  Royce  replacement  engines  were  considered 
to  avoid  installing  additional  engines  but  was  rejected  as  not 
a  cc»t-ctfective  modification.  "The  concept  is  illustrated  in 
Figure  12. 

8.4  Others 

The  ex-Soviet  Union  has  conducted  advanced  partially  and 
fully  reusable  vehicle  research  and  testing  for  many  years.  In 
November,  1991.  for  instance,  the  Ccnlral  Institute  of  Avi¬ 
ation  Motors.  Moscow,  claims  to  have  conducted  the  first  test 


flight  of  a  hydrogcn-tuelcd  scramjet  engine.  The  test  flight 
was  of  a  missile-like  vehicle  powered  by  a  ainventional 
rocket  engine  to  an  altitude  of  about  16nm(30km).  .Aramjet 
engine  then  ignited  and  accelerated  the  vehicle  to  a  sficed  of 
Mach  6  During  the  flight,  supersonic  aimhustion  <xx.-urrcd. 
Attempts  are  being  made  to  market  ex-Sovict  resources  to 
other  nations,  such  as  the  US.  France.  Germany,  and  Japan 
Several  other  nations,  including  France.  Japan,  and  India 
have  examined  advanced  reusable  vehicles,  both  two-stage 
and  single-stage.  The  world-wide  decreasing  space  budgets 
will  make  international  axijxirative  ventures  most  likely  in 
the  future 

9.  lAUNCH  SITE  C()NSII>P:RATI0NS 

The  orbit  requirements  for  the  GEO  and  LEO  missions  dis¬ 
cussed  earlier  can  be  met  by  launching  from  the  two  mam 
launch  sites  in  the  US.  Cape  C’anavcral  in  Honda,  and  Van- 
denberg  in  California.  Figure  13  shows  the  orbit  inclinations 
that  are  achievable  from  each  of  the  two  sites  All  targets  at 
inclinations  equal  to  or  less  than  57  deg  can  be  reached  from 
Cape  Canaveral,  while  the  higher  inclination  orbits  ,  includ¬ 
ing  polar  and  sun-synchronous,  are  accessible  from  Vanden- 
berg  The  Allas  or  Delta  bixisterswxiuld  launch  the  GEO  sat¬ 
ellites  due  east  out  of  Cape  Canaveral,  while  single  LEO 
satellue.s  could  be  launched  on  the  small  launch  vehicles  or 
ballistic  missilc-derivatives  Irum  either  launch  site.  Large 
multi-satellite  constellations,  such  as  Indium-like  amcepis 
could  be  launched  by  Della  or , Atlas  II  out  ol  Vandenberg 
.\n  Atlas  II  pad  is  being  built  at  Vandenberg  For  the  ballistic 
missile -derivatives,  the  launch  site  at  (.'ape  (  anavcral  would 
have  to  be  re-aciivated.  .ind  dedicated  launch  sites  would 
need  to  tie  established  at  V.indenberg  The  estimated 
cost  for  an  above-ground  ballistic  missile-derivative  space 
launcher  pad  is  about  $5M  The  air-mobile  Pegasus  offers 
launch  platform  survivability  and  the  mtwimum  flexibility  m 
launch  .site  location  and  orbit  inclination  ,\n  adv-antage  ol 
the  Pegtisus  is  that  lor  target  areits  at  latitude.s  lower  than  the 
28  deg  of  Cape  Canaveral,  launching  at  inclinations  equal  to 
the  target  latitude  provides  an  orbit  that  allows  the  satellite 
more  eonseeutive  pa-sses  (wer  the  target  th.an  the  two  times 
per  day  achievable  if  it  were  launched  from  Cape  Canaveral 
it  should  he  noted  that  a  cost  penally  is  incurred  to  exploit 
this  advantage 

Tabic  4  lists  the  coordinates  of  most  of  the  space  launch  sites 
that  exist  (or  in  some  cteses  arc  planned  or  are  inactive)  in  the 
world,  and  Figure  14  shows  their  distnbution  The  fluid 
global  environment  that  is  fx'und  to  exist  in  the  future  and 
the  fact  that  taesat  mission  will  most  likely  be  multinational 
in  nature  (and  perhaps  a  UN  respsinsibiiity)  require  the  ain- 
sidcration  of  sharing  launch  facilities  The  Italian  site  at  San 
Marcos,  off  the  coast  of  Kenya,  the  French  site  at  Kourou. 
French  Guiana,  and  the  Brazilian  sue  at  Alcantara  are  inter¬ 
esting  because  they  afford  the  direct  launch  inclination  orbits 
for  lower  latitude  targets.  The  relocatable  Taurus  would  be  a 
candidate  for  using  non-US  launch  sites  but.  again,  a 
cs>st-cffectivcness  analysis  would  need  to  be  carried  out.  The 
U  S.  Pegasus,  the  proposed  CIS  Space  Clipjier  aimmercial 
orbital  injection  system,  the  UFCCIS  Interim  HOTOl_  and 
the  German  Sanger  aiuld  also  be  launched  from  multiple 
launch  sites. 

10.  CONCLUSIONS/RECOMMENDATIONS 

While  it  IS  next  to  impossible  to  predict  with  certainty  the 
environment  of  the  future  and  what  peacekeeping  miiitary 
capability  will  be  demanded  in  thai  environment ,  there  arc 
some  things  that,  in  the  long-term,  apjxiar  inevitable: 

•  There  will  be  a  proliferation  of  high  technology  weapxin 
systems  around  the  world  in  the  hands  of  nation-states 
that  had  not  previously  had  access  to  such  weapons. 
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•  Not  only  will  such  aiuntnes  f»ssess  threatening  military 
capabilities,  they  will  also  (eventually)  possess  the  sur¬ 
veillance  and  reconnaissance  capabilities  to  observe  US 
and  allied  activities  and  be  able  to  deliver  their  weapons 
at  long  range  with  precision. 

•  The  response  to  unwarranted  aggressive  behavior,  in  or¬ 
der  to  be  effective,  will  have  to  be  very  rapid  multina¬ 
tional  action,  resulting  m  severe  cixirdination  prob¬ 
lems  in  command,  control,  communication,  intclli- 
gencc-gathenng  and  distribution,  and  treaty  and  arms 
control  verification. 

These  changingenvironmenial  conditions,  which  are ainjec- 
tured  to  evolve  over  the  next  thirty  years,  place  increasingly 
demanding  requirements  on  tactical  orbital  systems  and 
hence  on  responsive  launch  services.  The  integrated  need 
for  launch  services,  ranging  from  small  current  launch 
vehicles,  such  as  Scout,  to  advanced  future  launch  systems, 
such  as  NASP.  must  be  asses.sed  in  the  light  of  the  expected 
near-term  and  far-term  tactical  mission  requirements.  This 
paper  characterizes  the  range  of  launch  services  that  could 
satisfy  taesat  needs  and  dtxiuments  the  best  available  infor¬ 
mation  on  the  corresponding  launch  systems  It  is  concluded 
that  the  taesat  missions  identilied  herein  can  be  adcquatelv 
supported  by  US  launch  vehicles  launched  from  the  conti¬ 
nental  U.S  ffowever.  numerous  other  options  arc  available 
and  need  careful  study  by  the  taesat  designer  or  planner  .\ 
bibliography  is  provided  to  identify  additional  .source  materi¬ 
al  on  some  of  the  launch  systems. 
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1.  SUMMARY 

The  ability  of  a  tactical  satellite  (TACSAT)  space  system  to  fulfill 
its  mission  application  with  the  desired  capability,  responsive¬ 
ness,  reliability  and  survivability,  white  at  the  same  time  achiev¬ 
ing  tow  cost  objectives,  is  a  tremendous  challenge  that  can  only 
be  met  if  all  of  the  system  segments  -  launch,  space  and  ground  - 
contribute  to  meeting  mission  unique  requirements.  The  emerg¬ 
ing  concepts  for  the  development  deployment  and  operation  of 
cost-effective  TACSAT  space  systems  are  especially  dependent 
on  the  flexibility  and  operability  of  their  launch  vehicle  and 
spacecraft  bus  systems.  Orbital  Sciences  Corporation  (OSC)  has 
privately  developed  two  flexible  yet  cost-effective  space  launch 
vehicles  -  Pegasus®  and  Taurus™  -  with  significant  and  unique 
operational  capabilities  that  enable  TACSAT  space  systems  to 
meet  these  challenges.  The  Defense  Advanced  Research  Projects 
Agency  ( DARPA)  has  sponsored  the  first  launch  of  both  systems, 
with  follow-on  launches  scheduled  in  support  of  U.S.  Air  Foice, 
NASA.  SDIO  and  commercial  programs.  In  addition.  OSC  has 
developed  a  flexible,  cost-effective,  spacecraft  bus  -  PegaStar™ 

-  that  makes  common  use  of  the  Pegasus  or  Taurus  final  stage 
avionics  and  structure  in  an  integrated  systems  approach,  thereby 
optimizing  the  mass  and  volume  available  for  payload  sensors. 
PegaStar  spacecraft  for  the  Air  Force  and  NASA  are  now  in 
engineering  and  production. 

2.  INTRODUCTION 

The  world  today  is  a  different  and  changing  place,  characterized 
by  dramatic  and  rapidly  evolving  new  geopolitical,  economic  and 
national  security  structures  and  relationships.  In  response,  the 
United  States'  and  its  allies'  national  military  strategies  and 
national  security  infrastructures  that  support  them  must  now 
depart  from  the  principles  that  have  shaped  them  since  the  end  of 
World  Warn.  These  strategies  and  infrastructures,  which  evolved 
to  contain  the  spread  of  Communism  and  deter  Soviet  aggression, 
must  now  shift  dramatically  to  focus  on  regional  crises  and  wars. 

The  threats  of  this  new  world  can  be  best  characterized  as 
unpredictable  and  complex  -  where  will  they  occur,  how  fast  must 
be  the  response,  what  will  be  the  sophistication  level  of  the 
weapons,  who  are  the  combatants,  what  are  the  political  and 
military  goals,  etc?  The  United  States'  military  force  structure  for 
employment  against  these  threats  will  be  characterized  by  fewer 
in  number,  more  cost-effective  systems,  fewer  forward-based 
elements,  and  much  lower  active-duty  manpower. 

The  operational  imperatives  to  be  addressed  in  the  employment  of 
these  forces  will  be  characterized  by:  (1)  “come  as  you  are" 
conflict  scenarios;  (2)  response  to  rapidly  unfolding  crises  with 
a  few  critical  engagements;  (3 )  long-range  application  of  power: 


(4)  high  levels  of  responsiveness  and  flexibility  for  all  systems: 

(5)  situational  awareness  on  a  non-linear  battlefield;  (6)  maneu¬ 
verability;  (7)  coupling  of  national  and  theater  levels  of  com¬ 
mand,  control,  and  intelligence:  and  finally  (8)joint  international 
operations. 

Some  of  our  first  insights  into  this  new  world  of  tomorrow's 
conflicts  come  from  analysis  of  results  of  the  Gulf  War.  One  of 
the  most  dramatic  was  the  importance  of  space  systems  to  all 
aspects  of  the  planning,  execution,  and  success  of  this  war 
C'uncnt  space  systems,  which  had  evolved  in  support  of  the  cold 
war  and  strategic  requirements,  were  called  upon  to  provide 
direct  support  to  tactical  warfighters  Many  high-level  military 
and  civilian  leaders  characterized  the  conflict  as  the  first  "space 
war"  -  a  war  in  which  space  systems  were  absolutely  cs.scntial  to 
both  the  execution  of  the  conflict  and  its  success. 

The  capabiliticsof  these  cunent  space  systems  to  support  a  broad 
spectrum  of  tactical  warfare  mission  areas  was  impressive  con¬ 
sidering  their  heritage,  but  in  many  casc.s.  their  lack  of  flexibility 
and  responsiveness  impeded  their  performance.  If  the  six  months 
prior  to  the  conflict  had  not  been  available  to  significantly  adjust 
and  modify  their  space-based  architectures  and  ground  systems, 
the  level  of  support  would  have  been  significantly  degraded. 
Also,  if  the  conflict  had  extended  in  tune,  some  space  assets 
would  have  probably  needed  immediate  replacement  -  which 
would  have  been  very  difficult  due  to  the  responsiveness  and 
availability  of  spacecraft  and  launch  vehicles 

These  and  other  lessons  from  the  Gulf  War  on  space  systems 
support  to  the  tactical  user  will  be  the  stimulus  for  the  entire 
national  security  community  to  re-evaluate  the  warfighting  re¬ 
quirements  for  future  space  systems  and  the  infrastructure  needed 
to  meet  these  requirements.  The  resulting  future  space  systems 
will  no  doubt  include  TACSAT  systems  that  will  emphasize 
flexibility,  responsiveness  and  cosl-cffeclivcncss  in  meeting  the 
changing  U.S.  and  Allied  national  security  requirements.  Many 
of  tbe  other  papers  in  this  symposium  will  probably  address  the 
architectures,  requirements,  sensor  system,  ground  systems  and 
employment  strategies  for  these  systems.  Orbital  Sciences  Cor¬ 
poration  ha.s  developed  two  launch  vehicles  and  a  spacecraft-bus 
that  will  provide  flcxihle,  responsive  and  cost-effective  launch 
and  on-orbit  performance  for  future  TACSAT  systems. 

3.  PEGASUS 

3.1  Introduction 

The  flight -proven  Pcga.sus  air-launched  .space  boo.sicrf  Figure  1 ) 
provides  a  cost-effective,  reliable,  and  flexible  means  for  deliv- 
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cring  salillites  into  low  Earth  orbit.  The  vehicle's  first  launch  on 
5  April  1990  placed  a  DARPA  sponsored.  National  Aeronautics 
and  Space  Administration  (NASA )  Goddard  Space  Flight  Center 
(CiSFO  built  192  kg  (423  lb)  payload  into  a  505  x  685  km  (273 
X  370  nm)  94  degree  inclination  orbit.  This  launch  validated  the 
vehicle's  unique  air-launch  concept,  simple,  robust  design  and 
horizontal  integration  methods.  The  second  launch  on  l7  July 
1991  delivered  seven  DARP/.  sponsored  small  experimental 
communication  satellites.  (Figure  2)  weighing  a  total  of  196  kg 
(431  lbs),  into  a  352  x  500  km  (190  x  270  nm)  82  degree 
inclination  orbit.  Even  though  this  orbit  was  lower  than  desird 
due  to  a  staging  anomaly,  the  second  launch  demonstrated  the 
vehicle's  robusmess  and  capaoility  to  deploy  multiple  communi¬ 
cations  payloads. 


Fissure  I.  Pegasus  in  flight. 


Figure  2  DARPA  mirosais  flown  on  F2  mission. 


Pegasus,  which  holds  a  United  States  patent,  is  the  product  of  a 
privately  funded,  three  year  joint  venture  of  Orbital  Sciences 
Corporation  and  Hercules  Aerospace  Company.  The  first  two 
Pegasus  missions  were  funded  by  DARPA  as  part  of  its  Advanced 
Space  Technology  Program  ( ASTP)  through  the  Advanced  Sys¬ 
tems  Technology  Offices  (ASTO).  Support  was  also  received 
from  the  NASA  Ames  Dryden  Flight  Research  Facility  (DFRF) 
and  the  Air  Force  Space  Division  through  agreements  with 


DARPA.  The  vehicle's  proven  design  and  low  cost  have  led  to 
its  selection  as  the  U  S.  Air  Force  Small  Launch  Vehicle  (SLV). 
the  Strategic  Defense  initiative  (SDIO)  Experimental  Satellite 
Expendable  Launch  Vehicle  system  (ESELVS)  and  for  the 
NASA  Small  Expendable  Launch  Vehicle  .Services  (SELVS) 
program  It  has  also  been  chosen  to  fly  international  and 
commercial  missions.  The  vehicle  is  currently  in  production  with 
ten  payloads  currently  manifested  fur  launch  in  the  next  eighteen 
months,  and  a  targeUid  future  average  launch  rate  of  approxi¬ 
mately  six  vehicles  per  year.  An  increased  performance  version. 
Pegasus  XL.  is  under  development  with  a  first  flight  scheduled  to 
occur  in  late  1993. 

Pegasus'  unique  air-launched  approach  provides  unmatched 
operational  flexibility.  Pegasus  is  mated  to  thecairier  aircraft  and 
following  pre-flight  testing,  the  vehicle  is  carried  to  the  launch 
puinL  which  can  be  vu-tuaJly  any  distance  from  the  integration 
location.  Ihe  carrier  aircraft  flics  a  pre-planned  flight  path  to  the 
designated  launch  point  at  w  hich  time  the  flight  crew  commands 
the  launch  of  Pegasus 

3.2  Vehicle  Description 

Ihe  standard  Pegasus  vehicle  f  Figure  .t)  is  15  2  m  1 50  ft  Hong,  has 
.1  diameter  of  1  3  m  (50  in),  and  weighs  19.0(X)kg  (42,000  Ibmi. 
Pegasus  XL  is  17  4  m  (57  fo  long  and  weighs  22.600kg  (49.800 
Ibm).  Ma|or  components  for  boih  vehicles  include: 

•  three  graphite  composite,  soiid-propcllant  rocket  motors. 

•  a  fixed,  high-mounted  graphite  delta  wing. 

•  an  aluminum  aft  skirt  assembly, 

•  three  moveable  graphite  composite  fins, 

•  a  graphite  composite  avionics/payload  support  structure, 
and 

•  a  two-piece  graphite  composite  payload  fauing 
Optional  subsystems  include 

•  two  payload  separation  systems.  59  cm  and  98.5  cm  (23  3 
in  and  .38  8  in)  in  diameter, 

•  areslarlable  llydrazinei  N si  L)  Auxiliary  Propulsion  Sys¬ 
tem  (HAPS),  fourth  stage  and 

•  the  PegaStar  integrated  spacecraft  bus 

Idle  vehicle's  three  solid  rocket  mouirs  and  payload  fairing  were 
developed  for  Pegasus  by  Hercules  Aerospace.  The  6.7  m  (22  ft) 
span  carbon  composiic  delta  wing  provides  lift  during  the  early 
pha.scs  of  flight.  Hirce  electro-mechanical  actuated  foam  core 
graphite  composite  finsp.mvide  aerodynamic  control  throughout 
Stage  I  operahon  Pitch  and  yaw  control  during  Stage  2  and 
Stage  3  burn  is  provided  by  electro  mechanical  thrust  vector 
control  (  IVC)  .ictuators.  Roll  conuol  alter  Stage  1  separation, 
and  three-axis  control  during  coast  phases  and  post  orbital 
insertion  maneuvers,  is  provided  by  55  N(  12  5  IbDand  110  N  (25 
IbO  nitrogen  ixild  gas  thrusters  located  on  the  avionics  sub¬ 
system.  The  graphite  composite  avionics  structure  and  alumi¬ 
num  honeycomb  deck  support  the  payload  and  most  vehicle 
avionics.  A  1.3  m  (50  in)  outside  diameter  pyrotechnically 
separated  two-piece  graphite  composite  clamshell  payload  fair¬ 
ing  encloses  the  payload,  avionics  subsystem,  and  Stage  3  motor. 
Two  standard  marmon  clamp  type  payload  separation  systems 
(23  and  38  inch  diameter)  arc  available  to  support  spacecraft 
deployment.  The  optional  HAPS,  fourth  stage  provides  up  to  73 
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kc  ( 160  lbm)of  N;ll4  for  orbit  raising  and/or  acijustmcnl.  When 
combined  with  the  Pegasus  standard  on-board  Global  Positioning 
System  (GPS)  receiver.  IIAPS  provides  autonomous  precisian 
orbit  injection  capability.  The  PegaStar  integrated  bus  will  be 
discussed  later. 

The  Pegasus  avionics  system  is  simple,  robust,  and  reliable.  The 
vehicle's  flight  computer  has  two  processo.s.  A  Motorola  68020 
Central  Processing  Unite  (CPU)  commands  all  flight  events  and 
executes  the  vehicle's  autopilot  program.  A  Motorola  68000 
CPU  supports  the  autopilot  processor  and  processes  all  vehicle 
telemetry.  An  inertial  measurement  unit  (IMU)  provides  vehicle 
attitude,  velocity  and  navigation  information.  All  remote  avion¬ 
ics  units,  which  include  Pyrotechnic  Driver  Unites  (PDUs), 
Telemetry  Multiplexors  ( MUXs ).  Thruster  Driver  Units  fTDUs). 
and  Thrust  Vector/Fin  Actuator  Controllers,  have  integral  micro¬ 
processors  and  communicate  with  the  flight  computer  using 
digital  RS-422  communication  lines.  All  significant  vehicle 
performance  parameters  arc  transmitted  to  the  ground  during 
flight  using  a  single  56  kbps  S-band  telemetry  channel.  The  six 
channel  GPS  receiver  provides  continuous  position  and  velocity 
information  to  minimize  the  effects  of  IMU  gyroscope  drift  and 
accelerometer  bias  errors. 

3-3  Vehicle  Integration 

Final  integration  for  Pegasus  requires  a  minimum  of  ground 
support  equipment  (GSE)  and  facilities.  Prior  to  being  delivered 
to  the  field  integration  site,  all  components  are  integrated  and 
tested  to  the  highest  possible  levels.  The  vehicle  is  integrated 
horizontally  (Figure  4),  at  a  convenient  working  height  which 
allows  easy  access  for  component  installation,  inspection,  and 
test.  Articulated  transportation  dollies  eliminate  all  requirements 
for  lifting  motors  in  the  field.  Integration  and  test  procedures 
enable  vehicle  components  and  subsystems  to  be  thoroughly 
tested  before  and  after  final  flight  connections  are  made.  .Several 
"fly  to  orbit"  simulations  which  exercise  all  actuators  and  pyro¬ 
technic  initiation  outputs  are  conducted  prior  to  launch. 


Figure  4  Horizontal  vehicle  and  payload  integration. 


3.4  Launch  Operations 

Pegasus  launch  operations  combine  launch  vehicle  and  aircraft 
operations,  with  emphasis  on  simplicity,  flexibility,  and  opera¬ 
tional  discipline.  The  launch  location  flexibility  inherent  in 
Pegasus  can  significantly  increase  payload  capability  and  orbital 
flexibility  by  eliminating  many  of  the  launch  azimuth  restrictions 
often  imposed  by  fixed  launch  sites.  After  integration,  mating  to 
aB-52orL-101 1  carrier  aircraft  and  pre-flight  testing,  the  vehicle 
is  carried  to  the  launch  point,  which  can  be  virtually  any  distance 
from  the  integration  location.  For  launch,  Pegasus  is  canied  to  a 
nominal  level-flight  drop  condition  of  12.200  m  (40,000  ft)  at 
high  subsonic  velocity.  After  release,  the  vehicle  free  falls  to 
clear  the  carrier  aircraft,  while  executing  a  pitch-up  maneuver  to 
achieve  the  proper  attitude  for  motor  ignition.  After  Stage  1 
ignition,  the  vehicle  follows  an  autonomously  guided,  lifting- 
ascent  trajectory  to  orbit.  Future  missions  will  incorporate  GP.S 
into  the  tracking  and  guidance  system  of  Pegasus  resulting  in  an 
autonomous  range  capability. 


;o-4 


3.5  Paylfwd  Capability  aad  Interface 

Pegasus'  payload  capabilities  to  polar  orbits  (assuming  a  36 
degree  launch  latitude)  are  summarized  in  Figure  5.  Information 
regarding  payload  performance  to  elliptical  and  other  incluiation 
orbits,  payload  services  and  payload  environments  can  be  found 
in  the  Pegasus  Payload  User’s  Guide.  The  standard  payload 
fairing  (Figure  6)  can  support  payloads  as  large  as  2.21  m  (87  in) 
long  and  1.1  m  (44  in)  static  diameter.  The  fairing  can  be 
extended  in  length  IS  cm  (6  in)  increments  up  to  60cm  (24  in)  and 
access  doors  can  be  repositioned  or  added  as  optional  services. 

3.6  Pegasus  Operational  Flexibility  for  TACSAT  Applica¬ 
tions 

The  Pegasus  air-launcbed  space  system  is  unique  in  its  capabili¬ 
ties  to  enable  truly  flexible,  responsive,  cost-effective  access  to 
space.  These  enabling  capabilities,  when  combined  with  a 
modular  spacecraft  bus  such  as  PegaStar  and  evolving  sensor 
concepts,  offer  dramatic  new  possibilities  in  meeting  the  evolv¬ 
ing  national  security  requirements  of  tomorrow's  world.  Ihc 
Pegasus  system  can  be  integrated  and  operated  from  remote 
secure  airfields  anywhere  in  the  world  due  to  its  simplicity  and 
minimal  facilities  and  manpower  needed.  Dispersal  of  several 
Pegasus  systems  over  a  wide  geographic  area  could  also  provide 
survivability  levels  unachievable  by  current  launch  systems. 

With  pre-planned  positioningof  vehicles  and  facilities,  a  Pegasus 
launch  could  be  called  up  in  hours  -  not  days  -  to  support  new 
operational  needs  or  reconstitution  of  an  on-orbit  asset.  Since  no 
pad  refurbishment  is  required,  quick  turnaround  in  hours  ■  not 
months  -  is  also  possible.  Using  more  thanone  carrier  aircraft  and 
integration  facility  would  allow  surges  of  multiple  launches  in  a 
single  day  if  required.  All  of  these  scenarios  for  operational 
employment  could  be  accomplished  by  small  military  orconlrac- 
tor  teams _ 


Figure  5.  Pegasus  performance  options  to  90°  inclination^ 


Pegasus’  omni-inclination  launch  capability  lespcciallv  using 
OSC's  autonomous  range  concept)  provides  unique  flexibiJiiy  to 
meet  mission  requirements  and  eliminate  doglegs,  thus  improv¬ 
ing  payload  performance  to  orbit.  This  capabiiily  also  providc.s 
for  first  pass  coverage  of  any  ptnnt  on  the  earth  Also  of  key 
operational  importance  is  the  mimmai  unpact  of  ueaiher  on 
Pegasus  launch  system  availability.  Other  than  typical  aircraft 
flight  limitations,  flight  to  the  drop  point  above  most  weather 
systems  is  possible  with  a  flexibility  to  adjust  to  new  drop  points 
in  real  time.  There  are  also  no  trajectory  limitations  due  to  upper 
air  winds,  thus  the  Pegasus  launch  system  readiness  rates  far 
exceed  ground  launched  systems 

The  Pegasus  launch  system  provides  nauonal  security  space 
system  strategists  and  planners  wuh  unique  capabilities  which 
when  combined  with  evolving  small  spacecraft  bus  and  sensor 
technologies,  can  enable  flexible,  responsive,  co-'  -effecuve  and. 
in  some  cases,  undreamedof  support  lo  the  warfighters  in  mecUng 
new  and  evolving  national  secunty  requuements 

4.  TAURUS 

4.1  Introduction 

Ihc  Taurus™  space  boosicr  ha.s  been  developed  to  provide  a 
capability  lo  quickly  and  efficiently  integrate  a  launch  vehicle  and 
payload  for  ihc  rapid  launch  of  small  salellilcs  from  cither  a 
remote  or  fixed  launch  .site.  Ihis  ground  lran.sportable  launch 
system  is  ercctable  within  five  days  of  arrival  at  a  dry  pad” 
launch  site  and.  after  set-up.  rc.spond  to  a  launch -on-demand 
requirement  w  ithin  72  hours,  iniiial  launch  capability  of  the 
Taurus  launch  system  will  occur  in  the  first  half  of  1993.  The  first 
Ihghl  of  the  Taurus  Standard  Small  Launch  Vehicle  tSSI.V)  is 
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Figure  6.  Standard  and  XL  payload  fairing  dynamic  envelope 
with  38"  diameter  payload  interface. 


sponsored  by  DARPA  and  will  deliver  a  DoD  payload  to  a  low 
h'arth  orbit.  ITie  launch  vehicle  and  %ystem  developed  to  saiislv 
these  DoD  requirements  has  also  been  designed  to  respond  to 
commercial  launch  service  applications  requiring  better  response 
to  meet  market  opportunities  and  with  less  bottom  line  impact 
More  capable  Taurus  configurations  are  being  developed  for 
introduction  in  1994. 

OSC  has  endeavored  to  develop  uscr  lncndly  electrical  and 
mechanical  payload  interfaces  which  facilitate  integration  of  a 
wide  variety  of  payloads.  The  Taurus  vehicle's  simple,  robust 
design  ensures  maximum  reliability  and  significantly  reduces 
launch  site  manpower  testing  and  support  infrastructure  requuc- 
ments.  Horizontal  integration  methods  greatly  simplify  vehicle 
assembly  and  payload  integration. 

I'he  Taurus  space  booster  launch  system  currently  in  develop¬ 
ment  as  the  SSLV  for  DARPA  is  a  four  stage  solid-fuel  design 
composed  of  the  flight-proven  Pegasus  motor  stack  and  avionics 
mounted  on  top  of  a  I'hiokol  11  !-90f  ( Peacekeeper)  solid  rocket 
motor.  (A  I'hiokoK'astor  1 20  motor,  now  in  test,  will  be  used  on 
the  commercial  Taurus).  Ihc  Taurus  .S.SI.V  system  is  composed 
of  a  flight  vehicle  and  ground  support  ejuipment  designed  for 
easy  transportability  and  rapid  setup  and  launch  from  an  unim¬ 
proved  concrete  pad  or  from  a  modest  lived  ganuy.  All  propul¬ 
sion  elements  of  the  DARPA  Taurus  vehicle  have  been  flight- 
proven  on  the  Pegasus  or  Peacekeeper  programs  Hie  remaining 
Taurus  subsystems  are  virtually  ideiiiicai  to  tliose  successfully 
fiown  on  the  Pegasus  vehicle. 

I'he  standard  vehicle  design,  show  n  in  Tigurc  7.  incorporates  six 
major  elements:  four  solid  fueled  stages,  a  payload  fairing  and  an 
avionics  assembly  Ihe  Pegasus-donved  motors  retain  their 
-Stage  1.  2  and  3  designations  from  that  program;  the  I’hiokol 
Castor  120  is  designated  Stage  0.  Hie  vehicle  is  designed  to  he 
iiitegraicd  and  tested  at  a  launch  silo  integration  facility  after 
completion  of  all  stage-level  assembly  and  testing  at  the  factory 
This  prtx'cdure  is  less  complex  and  more  cost -effective  than  Ihe 
procedures  required  for  larger  ground-launched  vehicles  which 
proceed  through  a  full  integrated  factorv  system  test  followed  by 
disassembly  into  stages  for  shipment  and  subsequent  reassembly 
and  second  integrated  systems  test  at  the  launch  pad.  With  final 
integration  and  testing  only  at  the  launch  inuigrauon  site,  the 
Taurus  approach  minimizes  the  handling  of  die  solid  rocket 
motors  while  simultaneously  streamlining  Ihe  vehicle  acceptance 
test  process,  lixtensive  factory  testing  by  both  O.SC  and  its  vedors 
ensures  that  all  hardware  is  ready  for  flight  once  it  reaches  the  pad. 

A  complete  set  of  standard  and  optional  services  is  available  to 
support  specific  payload  requu-cmenls  including:  inertial  orien¬ 
tation  prior  to  separation;  direct  down-link  of  critical  payload 
telemetry  during  prelaunch  operations  and  launch;  electrical 
power  for  payload  heaters  and  other  payload  components  during 
prelaunch  operations;  payload  fairing  access  doors  and  Radio 
Frequency  (RF)  windows;  filtered,  conditioned  air  and  dry 
nitrogen  for  purge  of  the  payload  environment  dunng  launch 
integrations. 

For  launch.  Taurus  is  transported  to  the  launch  site  using  a  wide- 
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Figure  7.  Artist's  concept  of  Taurus  lift-off. 

body  flatbed  truck  for  Stage  0  and  an  assembly  integration  trailer 
(AIT)  for  Stages  1, 2, 3  and  the  fairing  with  encapsulated  pay  load. 
Stage  0  Is  received  directly  from  the  factory  in  a  ready  for  flight 
configuration.  Stages  1,  2  and  3  are  received  and  tested  at  the 
launch  site  integration  facility  prior  to  arrival  of  the  payload. 
Payload  integration  and  testing  usually  requires  no  more  than  two 
weeks  with  Stage  3  mating,  payload  closeout  and  encapsulation 
occurring  96  hours  prior  to  launch. 

4.2  Vehicle  Description 

Major  vehicle  components  as  shown  in  Figure  8  include: 

•  four  composite  case  solid-propellant  rocket  motors. 

•  3 -axis  inertial  attitude  control. 

•  on-board  global  positioning  system  (GPS)  receiver  for 
navigation  accuracy. 

•  graphite  composite  avionics/payload  support  structure, 
and 

•  two-piece  honeycomb  composite  payload  fairing  with 
over  5.15  m^  (175  ft^)  available  for  satellite  payloads. 

Option  subsystems  include: 

•  98.5  m  (38.8  in)  payload  separation  system, 

•  restartable  Hydrazine  (N2H4)  Auxiliary  Propulsion  Sys¬ 
tem  (HAPS),  and 

•  PegaStar  integrated  spacecraft  bus. 

The  Taurus  vehicle’s  four  solid  rocket  motors  and  payload  fairing 
use  flight-proven  technology  derived  from  Pegasus  and  other 
operational  systems  to  provide  an  innovative,  cost-effective 
approach  for  delivering  a  spacecraft  to  orbit.  Pitch  and  yaw 
control  during  Stage  0  operation  is  provided  by  a  hot  gas  driven 
turhohydraulic  thrust  vector  actuation  (TVA)  system.  Pitch  and 
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Figure  8.  Taurus  subsystems. 

yaw  control  during  Stage  1  operation  is  accomplished  with  a  cold 
gas  blowdown  hydraulic  TVA.  while  Stage  2  and  Stage  3  pitch 
and  yaw  control  is  provided  by  electro-mechanical  thrust  vector 
control  (TVC)  actuators.  Roll  control  after  Stage  1  separation  is 
provided  by  55N  (12.5  lb)  and  11  ON  (251b)  nitrogen  cold  gas 
thrusters  located  on  the  avionics  subsystem.  The  graphite  com¬ 
posite  avionics  structure  and  aluminum  honeycomb  deck  support 
the  payload  and  most  avionics.  A  1 .6  m  (63  in)  outside  diameter 
pyrotechnically-separated.  two-piece  graphite  composite  pay- 
load  fairing  encloses  the  payload.  Fairing  halves  are  retained  by 
a  base  aluminum  attach  ring,  two  externally  mounted  clamp- 
bands  and  an  internal  mounted  forward  attach  bolt.  Separation  is 
accomplished  via  a  marmon  cl  amp  at  the  base  aluminum  tin  g  and 
redundant  bolt  cutters  at  the  clamp  assemblies  and  forward  attach 
bolt.  Fairing  binges  and  hot  gas  actuators  ensure  positive 
controlled  fairing  separation.  An  optional  38  in  Marmon  clamp 
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payload  separation  system  is  available.  ITie  optional  ilAPS 
provides  up  to  73  leg  (160  lb)  of  N^Ifa  for  orbit  raising  and 
adjustment.  When  combined  with  the  Taurus  standard  on-hoard 
Global  Positioning  System  (GPS)  receiver,  MAPS  provides  au¬ 
tonomous  precision  orbit  injection  capability.  The  opuonal 
PegaStar  integrated  spacecraft  bus  will  be  discussed  later. 

The  Taurus  avionics  system  is  simple,  robust,  and  reliable.  All  of 
the  hardware  components  are  identical  to  those  used  on  Pegasus, 
with  the  exception  of  the  addition  of  a  reate  gyro  package  to  the 
base  of  Stage  1  and  harness  modifications  to  accommodate  Stage 
0.  The  software  programs  arc  identical  except  for  the  addition  of 
Stage  0  function  and  mission  peculiar  modifications. 

4  J  Vehicle  Integration 

Taurus  field  integration  is  straightforward  and  requires  a  mini¬ 
mum  of  launch  support  equipment  ( LSE)  and  facilities.  All  of  the 
LSE  is  transportable  and  capable  of  setup  at  remote  austere  sues 
The  vehicle  is  integrated  horizontally  at  a  convenient  working 
height  which  allows  easy  access  for  component  installation,  test 
and  inspection.  The  use  of  standard  senal  RS-422  cominuiiica 
lion  protocols  throughout  simplifies  vehicle  w  iring,  strcamliiie.s 
avionics  testing  and  integration  and  significantly  reduces  test  and 
custom  l.SE  requirements.  ITie  integration  and  test  process 
ensures  that  all  vehicles  components  and  sub.systcms  are  thor 
oughly  tested  before  and  after  final  flight  connections  are  made 
-Several  "fly  to  orbit"  simulations  exercise  all  actuators  and 
pyrotechnic  initiation  outpuLs,  Taurus  integration  activities  are 
controlled  by  a  comprehensive  set  of  Work  Packages  (WPs  land 
Procedural  Guides  (PCs),  which  describe  and  document  in  detail 
every  aspect  of  integrating  the  vehicle  and  its  payload. 

4.4  Launch  Operutioas 

Taurus  launches  can  be  conducted  from  either  of  the  ITeparUnent 
of  Defense  s  Eastern  or  Western  Ranges  (ERAVR)  as  well  as 
from  the  National  Aeronautics  and  Space  Administration  ( N  AS  A ) 
Goddard  Space  Plight  Center’s  GSFC)  Wallops  Plight  p'acility 
(WFF)  Range  in  Virginia.  The  first  Taurus  launch  forDARPA  is 
scheduled  for  the  first  half  of  1993  from  Vandenburg  AFB  onto 
the  Western  Range  using  only  a  simple  concrete  pad  to  set  up 
OSC's  tian,sportable  launch  support  equipment.  OSC'seommer- 
cial  Taurus  launch  service  will  be  conducted  utilizing  a  modest 
fixed  ganu-y  with  a  rotating  service  structure.  (fSC's  primary 
commercial  Taurus  launch  facilities  will  be  established  at  launch 
sites  optunum  for  the  particular  mission  being  supported 
Vandenburg  AITB.  CA;  Wallops  Island.  VA  and  Cape  Canaveral 
are  likely  locations. 

A  Taurus  payload  interface  checkout  facility  is  available  as  a 
standard  service  at  OSC's  Fairfax.  VA  engineering  facility  for 
initial  payload  to  launch  vehicle  functional  test  and  checkout 
1  lousing  an  engineering  lest  model  of  the  Taurus  avionics  a.s.scm- 
bly  and  a  complete  set  of  avionics  and  payload  lest  equipment, 
this  Vehicle  Systems  Integration  LAB  (VSIL)  will  be  u.sed  for  the 
development  of  mission  peculiar  launch  vehicle  software,  quali¬ 
fication  of  mission  peculiar  avionics  .services  and  validation  of 
payload  integration  procedures  and  flight  checklists.  The  facility 
will  also  he  equipped  to  conduct  launch  vehicle  mission  simula¬ 
tions  with  payload  hardware  and  software  in  the  loop. 


4.5  Payload  Capability  and  Interfaces 

Payload  capability  of  the  DARPA  Taurus  vehicle  to  some  typical 
orbits  IS  shown  in  Figure  9  Ihe  Taurus  X 1.  configuration  uses  the 
Pegasus  XL  stretched  motors  and  the  Castor  120  whereas  the 
Taurus  XL/S  adds  two  strap-on  rocket  motors  to  Stage  0  Figure 
10  shows  perf  ormance  to  a  90°  orbit  from  V  andenberg  Specific 
information  regarding  payload  perfonnance  to  other  orbits  can  be 
determined  by  contacting  OSC's  Office  of  Business  Develop¬ 
ment.  Ihe  standard  payload  fairng  can  support  payloads  as  large 
a.s2.S2m(  1 10  in)  long  and  up  to  1  38m  l.‘i4  in)  in  diameter  (Figure 
1 1 ).  Funded  studies  are  in  progress  to  address  incTcasing  the 
fainng  diameu-r. 
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Ihe  Tauius  vehicle  offers  a  number  of  standard  services.  Ihe 
standard  1  6m  (63  in  Idiametcr  I'aurus  payload  famng  offers  over 
5.L‘5mJ  (175  ft')  for  payload  use,  Ihc  fairing  is  designed  to 
encapsulate  the  payload  in  a  payload  integration  facility  follow¬ 
ing  checkout.  A  class  10.(X)0  environment  can  be  maintained 
inside  this  encapsulated  cargo  element  (ECE)  at  all  times  from 
encapsulation  through  ECE  transport,  vehicle  integrauon  and  up 
until  launch  As  a  standard  service.  OSC  provide,s  one  1 2-Inch 
square  access  door  in  each  half  of  the  fainng.  located  to  the 
requirements  of  the  payload.  These  diiors  provide  all  the  access, 
including  late  access  on  the  g,uitry .  to  the  payload  once  encapsu¬ 
lation  is  completed.  As  an  option.  t).SC  can  reposition  the  acce.ss 
dixirs,  provide  larger  or  additional  access  dixirs  or  RF-lranspar- 
ent  panels  'Ihe  payload  mechanically  mounts  to  the  standard 
Taurus  separation  system  via  60  fasteners  about  a  .38.81-inch 
diameter  bolt  circle. 
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Figure  1 1.  Taurus  payload  fairing  dimensions. 

The  Taurus  payload  electrical  interfaces  arc  established  through 
three  connectors  -  power  and  signal,  pyro.  and  RF.  The  power  and 
signal  connector  provides  six  payload  passthroughs  (prior  to 
launch),  eight  payload  discrete  commands,  four  payload  discrete 
talkbacks  and  a  payload  separation  sensing  breakwire.  The 
power  and  signal  connector  also  supports  an  optional  payload 
RS-422  telemetry  stream.  The  pyro  connector  can  initiate  up  to 
five  redundant  payload  pyrotechnic  events.  In  addition,  the  KF 
connector  supports  payload  RF  transmission  via  the  existing 
Taurus  antenna  system.  Detailed  information  on  payload  ser¬ 
vices  and  payload  environments  provided  by  Taurus  can  be  found 
in  the  Taurus  Users  Guide  available  on  request  from  OSC. 

4.6  Taurus  Operational  Flexibility  for  TACSAT  Applica¬ 
tions 

The  Taurus  launch  system,  has  attributes  for  flexible,  responsive 
and  cost-effective  launch  far  beyond  existing  launch  systems. 
With  its  ground  mobility  and  compatibility  with  air  transport. 
Taurus  can  provide  significant  levels  of  survivability  through 
dispersal.  This  is  greatly  enhanced  by  the  fact  that  Taurus  can  be 
launched  from  an  “unimproved,  dry  pad”  •  i.e..  the  end  of  a 
runway.  The  Taurus  system  has  been  designed  and  will  demon¬ 
strate  meeting  DARPA’s  requirements  for  a  launch  site  and 
vehicle  set-up  of  less  than  five  days  and  launeb-on-demand 
within  72  hours  after  set-up.  The  vehicle  can  be  maintained  in  this 
72-hour  launch  ready  condition  for  months  if  required  to  meet 
system  operational  requirements.  Turnaround  time  to  erect  and 
launch  another  vehicle  is  measured  in  days,  not  months,  provid¬ 
ing  significant  surge  capability.  Finally,  the  Taurus  fairing 
encapsulation  system  allows  for  flexible  pre-launch  payload 
integration  and  the  capability  to  store  the  encapsulated  payload 
for  long  periods  awaiting  the  launch. 


All  of  the  at  ^ve  capabilities  can  support  LEO  as  well  as  GEO 
missions.  These  Taurus  launch  system  unique  capabilitiescan  be 
exploited  to  develop  and  support  innovative,  flexible,  responsive 
and  cost-effective  space  systems  to  meet  the  new  world  require¬ 
ments  of  future  space  systems. 

5.  PEGASTAR™ 

5.1  Introduction 

In  1989.  OSC  began  work  on  several  low-cost,  multi-purpose 
spacecraft  projects.  One  of  these,  the  PegaSlar  integrated  space¬ 
craft  bus  is  designed  for  use  with  Pegasus  and  Pegasus-derived 
launch  vehicles,  including  Taurus.  PegaStar  is  a  key  element  of 
the  company's  ability  to  offer  comprehensive  space  launch  and 
satellite  services.  Using  many  of  the  same  systems  that  operate 
the  Pegasus  vehicle.  PegaStar  is  being  built  around  the  third  stage 
of  Pegasus  (minus  the  motor  which  is  separated  after  attaining 
orbit)  to  provide  the  "house-keeping"  services  necessary  to 
support  ObC  or  customer-provided  instruments,  communica¬ 
tions  devices  and  other  sensors  on-orbit.  In  early  1991,  OSC 
entered  into  a  contract  with  the  U.S.  Air  Force  Space  Test 
Program  for  the  production  of  a  sun-pointing  PegaStar  spacecraft 
to  support  several  Air  Force  scientific  experiments,  as  well  as  an 
environmental  monitoring  data  contract  with  NASA  Goddard  for 
the  provision  of  ocean  color  data  using  an  instrument  mounted  on 
a  nadir  pointing  PegaStar  spacecraft. 

5.2  Vehicle  Description 

OSC's  PegaStar  integrated  satellite  (Figure  12)  approach  pro¬ 
vides  for  a  more  efficient  use  of  the  volume  and  mass  available 
from  a  Pegasus  orTaurus  launch  compared  to  a  separable  satellite 
design.  By  eliminating  the  weight  and  cost  necessary  to  provide 
separate  avionics,  control,  structural  and  data  systems  on  both  the 
payload  and  launch  vehicle,  PegaStai  will  enable  a  user  to  place 
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heavier,  payloads  into  orbit  for  the  same  or  lower  launch  cost  than 
would  be  otherwise  required.  This  performance  advantage  (typi¬ 
cally  15%  to  20%),  makes  one  or  more  design  enhancements 
possible:  additional  payload  mass,  additional  system  redun¬ 
dancy,  less  complex  system  packaging,  reduced  fuel  require¬ 
ments,  increased  margin  of  reserves  on  launch,  or  a  combination 
of  these  benefits.  The  PegaStar  concept  increases  packaging 
efficiency,  thereby  reducing  cost  and  improving  the  throw  weight 
capacity  of  the  Pegasus  or  Taurus  launch  system.  A  typical 
PegaStar  spacecraft  dry  mass  is  1 73  kg  (382  Ibm),  with  a  payload 
capacity  of  up  to  143  kg  (3  IS  lb).  PegaStar'smodulardesignand 
flexible  avionics  architecture  enable  the  support  of  a  wide  variety 
of  sensor  and  mission  applications.  Our  first  two  PegaStar 
spacecraft,  the  USAF  APEX  mission  and  the  NASA  SeaStar 


Figure  12.  Nadir  pointing  PegaStar  spacecraft. 


mission,  are  scheduled  for  flight  in  1993.  A  summary  of  each  of 
these  mission  spacecraft  is  shown  in  Figure  13. 

S  J  PegaStar  Operational  Flexibility  for  TACSAT  Applica¬ 
tions 

The  modular  design  flexibility  of  the  PegaStar  spacecraft  bus 
enables  the  integration  of  sensor  systems  with  a  broad  spectrum 
of  system  capabilities.  Structural  design  flexibility  allows  for  the 
incorporation  of  the  sensor  and  its  systems  onto  separate,  modi¬ 
fiable  panels  which  can  be  integrated  independently  but  in  paral¬ 
lel  with  the  spacecraft  subsystem.  The  distributed  microproces¬ 
sor  bus  communication  system  enables  the  straightforward  inte¬ 
gration  of  sensor  peculiar  systems  as  well  as  the  reconfiguration 
of  the  basic  PegaStar  spacecraft  attitude  control  and  TT&C 
systems  to  meet  the  unique  sensors  requirements.  Also  modular 
in  design  approach  is  the  spacecraft  power  system,  which  can  be 
configured  with  fixed  arrays,  sun-tracking  arrays,  body  arrays, 
choice  of  silicon  cells  or  gallium-arsinide  cells  and  electrical 
power  supply  configurations  to  suf^rt  power  levels  from  100 
watts  to  1000  watts. 

The  design  flexibility  of  the  PegaStar  accommodates  a  wide 
range  of  sensor  suites  to  enable  new  and  innovative  approaches 
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to  the  total  system  design  of  future  space  systems.  Working 
closely  with  the  sensor  designers  to  develop  standard  and  com¬ 
patible  interfaces,  these  new  approaches  to  sensor/spacecrafl 
integration  could  have  dramatic  payoffs  in  the  development  and 
deployment  of  flexible,  responsive  and  cost-effective  space  sys¬ 
tems  to  provid  support  to  the  warfighter. 

6.  APPLlCATION,S 

TACSAT  systems  can  provide  important  benefits  in  military 
engagements  ranging  from  covert  operations  to  regional  and 
global  battles.  Three  examples  are  now  provided  for  the  use  of 
flight-ready  TACSAT  technologies  in  a  relatively  inexpensive 
tactical  surveillance  system,  a  commercial  TACSAT  communi¬ 
cation  network  and  a  complementary  TACSAT  fleet  that  would 
work  in  concert  with  existing  military  satellites  to  collect  impor¬ 
tant  theater  meteorology  data. 

6.1  Surveillance 

Tactical  surveillance  satellites  intended  primarily  to  support 
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tbeater  commanders  have  been  discussed  for  at  least  the  last  five 
years.  From thesediscussions, ithasemergedthat such TACSATs 
should  have  the  following  operational  characteristics: 

•  Improv'd  'emporaJ  rcsolntion  compared  to  current  sys¬ 
tems,  that  is  short  revisit  times  over  areas  of  interest  made 
possible  by  a  distributed  satellite  constellation: 

•  Adequate  spatial  resolution  to  be  operationally  useful, 
which  generally  translates  into  a  ground-separation  dis¬ 
tance  scale  of  a  few  meters: 

•  Targeting  authority  delegated  to  the  ultimate  users:  exten¬ 
sive  on-board  processing  of  surveillance  data:  and  fn-o- 
cessed  data  distributed  directly  to  such  users,  often  with 
real-time  and/or  simultaneous  downlinks  to  several  loca¬ 
tions; 

•  Peacetime  daily  availability  for  training  exercises  and 
other  routine  purposes: 

•  Short  satellite  lifetimes  (3  to  S  years)  so  that  new  capabili¬ 
ties  and  technologies  can  be  rapidly  introduced:  and 

•  Relatively  low  cost  to  build,  launch,  operate  and  permit 
rapid  eslablishment/augmentationof  constellations  in  times 
of  crisis  or  war. 

Current  technology  makes  it  possible  to  build  passive  optical 
surveillance  satellites  weighing  around  363  kg  (SOOlbiand  acuve 
synthetic  aperture  radar  satellites  weighing  680  kg  ( 1 .500  lb)  for 
S20-30  million  per  satellite.  With  the  advent  of  Pegasus  and 
Taurus,  it  is  already  possible  to  launch  such  satellites  forSlO-20 
million  and  to  do  so  with  the  necessary  degrees  of  responsiveness 
in  initial  launch  and  replenishment. 

This  is  not  to  imply  that  a  single  TACSAT  network  will  solve  all 
the  warfighter's  intelligence  and  surveillance  needs.  Operational 
commanders  will  continue  to  rely  on  support  from  larger  space 
systems,  as  well  as  on  an  array  of  battlefield  surveillance  systems. 
Nevertheless,  there  is  assuredly  great  value  in  such  a  tactical 
surveillance  system  in  the  new  defense  environment  of  the 
1990's.  For  instance,  as  was  dramatically  reinforced  in  the  Gulf 
War,  the  operational  cycle  of  target  selection,  planning,  execu- 
uonand  data  delivery  was  about  three  days  with  exislmg  surveil¬ 
lance  satellites.  Substantially  improved  time  responsiveness  of 
point  and  area  space  surveillance  to  operational  commanders' 
needs  would  be  of  very  high  utility  in  a  crisis  period. 

62  Communications 

By  the  mid- 1 990's  commercial,  TACSAT  like,  data  communica¬ 
tions  networks  will  be  operational,  followed  later  in  the  decade  by 
voice  networks.  Already,  a  TACSAT  voice  and  data  telecommu¬ 
nications  system  has  been  demonstrated  for  worldwide  applica- 
uons.  Today,  OSC's  Orbital  Communications  Corporation  sub- 
•sidiary  is  building  a  constellation  of  26  small  satellites  to  provide 
omnipresent  two-way  message  and  data  communications. 
ORBCOMM™,  as  it's  commonly  known,  will  provide  high 
services  availability  virtually  every  place  on  Earth  at  low,  con¬ 
sumer-level  equipment  .i  d  service  costs.  Its  two-way  packet 
data  communications  services  will  be  available  to  military  users 
without  the  requirement  for  Government  funded  development  of 
a  unique  communications  system. 

Several  promising  military  applications  of  ORBCOMM  are  be¬ 


ing  discussed  within  the  services  and  DoD  licsert  Storm  high¬ 
lighted  a  need  for  deployable  field  aimmunicauons  for  the 
rapidly  mobile  forces  Field  logistics  ^Hl^s''^,^cl  needed  a  better 
way  to  pbrematent  I  orders  and  to  receive  confirmation  of  status. 
It  is  reported  that  millions  of  tons  of  material  were  doubled 
ordered  and  shipped  to  Saudi  Arabia  because  of  the  absence  of 
communications  capability  that  could  operate  easily  over  a  very 
wide  area,  fracking  of  shipments  provided  for  a  sull  larger 
logistic  problem  with  supplies  someumes  in  theatre,  but  their 
location  was  unknown  to  the  user.  ORBCOMM's  two-way. 
pocket-portable,  opcraie-anyplacc  system  will  provide  the  miss¬ 
ing  link  in  the  supply  chain. 

In  addition.  GPS  showed  its  tremendous  operational  value  in 
Desert  Storm.  For  the  first  time,  field  units  knew  very  fx-eeiscly 
their  location  in  an  environment  with  few  geographic  reference 
points.  Now,  with  ORBCOMM.  we  arc  ready  to  go  a  step  farther 
by  allowing  those  field  units  to  easily  transmit  their  locations  and 
unit  numbers  plus  other  critical  data  back  to  the  commanders  at 
any  organizational  level  desired.  We  are  working  with  manufac¬ 
turers  of  GPS  receivers  to  build  in  the  capability  to  GPS  equip¬ 
ment  for  the  command  su-ucturc  to  request  automauc  transmis- 
.-.lon  of  the  location  of  platoons  or  mechanized  equipment  and  for 
the  field  units  to  report  iheir  locations  and  other  vital  information 
on  demand.  The  marriage  of  GPS  and  ORBCOMM  capabilities 
may  also  address,  in  part,  the  problems  of  friendly  fire  casualtic.s 
and  significantly  enhance  the  search  precision  and  probability  of 
success  of  downed  pilot  recovery. 

6J  Meteorology 

Finally  existing  military  satellites  could  be  supplemented  by  a 
network  of  TACSAT  systems  to  enhance  our  knowledge  of  the 
environment.  Efforts  to  clear  up  the  fog  of  war  have  been 
shown  to  he  crucial  to  battle  success  for  centuries  For  example, 
one  constellation  of  24  TACSAT  GPS  receiver  platforms  could 
provide  several  tens  of  thousand.s  of  randomly-distributed  occui- 
lation  measurements  per  day  of  the  properties  of  the  atmosphere 
from  the  troposphere  to  the  ionosphere.  I'hese  measurements 
would  provide  research  data  on  greenhouse  gases  and  produce 
"weather  maps '  of  the  ionosphere  to  better  understand  the  link 
between  the  sun  and  our  climate.  Alternatively,  small  imaging 
payloads  in  the  visible  regime  could  provide  an  overhead  look  at 
target  areas  providing  a  pre-fli  ghl  estimation  of  cloud  cover  prior 
lo  committing  a  fleet  of  bombers  to  a  mission.  Such  payloads 
would  not  require  the  resolution  rcquiredof  surveillance  systems. 

7.  CONCLUSIONS 

This  paper  provides  a  descripuon  of  severai  innovative  launch 
vehicle  and  spacecraft  systems  and  offers  brief  examples  of  their 
flexibility  and  capability  to  cost-cffcctivcly  meet  the  unique 
warfighting  requirements  that  must  be  addressed  by  evolving 
TACSAT  systems.  ITie  timing  and  extent  to  which  these  systems 
will  become  integrated  into  the  infrasUncturc  of  military  forces  is 
driven  by  a  number  of  factors. 

The  euphoria  which  exists  in  the  governments  of  Western  na¬ 
tions.  brought  on  by  the  breakup  of  the  Soviet  Union,  will  likely 
continue  lo  have  an  effect  on  the  defense  spending  of  these 
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countries  for  several  years.  Coupled  with  sluggish  economic 
conditions.  thell.S.  is  curtailing  military  expenditures  at  unprec¬ 
edented  rates.  Froma  "goodnews/bad  news  '  perspective,  the  bad 
news  is  this  will  likely  reduce  significantly  the  funding  available 
for  any  new  system  development  and  production.  But  the  good 
news  is  TACSAT  systems  were  conceived  in  part  to  meet  the 
challenge  of  declining  military  budgets  and  therefore  do  not 
require  significant  investment  to  bring  them  to  fruition.  It  is  in 
fact  arguable  that  these  TACSAT  systems  might  well  nourish  in 
difficult  economic  times. 

Second,  the  widely  distributed  threat  environment  of  today  and 
tomorrow  strengthens  the  case  for  systems  which  are  responsive 
to  new  tactical  and  strategic  realities.  TAGS  ATs  provide  not  only 
the  focus  needed  for  regional  conflict  and  monitoring,  but  the 
low-Farth  orbits  common  to  such  systems  permit  an  orbit-by- 
orbit  reallocation  of  assets  to  account  for  ever  changing  priorities. 
The  pace  of  technology  is  such  that  both  the  capability  and 


capacity  to  address  worldwide  hot-spots  is  available  from  respon¬ 
sive  space  systems  like  PegaSUir,  Pegasus  and  Taurus 

Finally,  as  with  all  new  warfighting  capabilities,  ihe  inuoducuon 
of  novel  approaches  to  meeting  the  requirements  of  the  battlefield 
have  often  met  with  some  resistance  -  such  has  been  the  case  with 
TACSATs.  Now  that  a  few  systems  have  been  Hown  and  more 
importantly  now  that  the  commercial  market  is  finding  applica- 
uons  for  such  systems,  the  introduction  of  TAC.SATs  into  the 
nalicnai  security  system  architecture  will  rapidly  expand  Whereas 
prior  to  the  Gulf  War  such  TACSATs  could  he  ignored  as 
unproven,  now  there  is  documented  evidence  of  the  value  of  these 
systems  and  tl.c  users  arc  beginning  to  identify  additional  appli¬ 
cations  where  an  augmentation  in  capability,  or  an  cniucly  new 
funcuon.  can  be  fulfilled  with  a  TACSAT.  Just  as  the  battle  tank 
and  the  airplane  needed  to  he  proven,  so  tix)  must  the  TACSAT 
earn  its  place  on  the  battlefield.  Having  earned  that  place. 
TACSATs  will  become  c.sscntial  components  of  future  military 
infrastructures  and  .strategics. 
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Discussion 

Question:  OSC  said  that  the  corporate  goal  is  to 
penetrate  the  commercial  market.  Of  the  76  PEGASUS 
orders,  how  many  are  governmental  and  how  many  are 
free  market? 

Reply:  Until  now  the  priority  is  governmental  {85^o), 
but  in  the  future  OSC  believes  it  can  increase  the 
commercial  percentage. 
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RESUME 

Puisque  les  futurs  lanceurs  pemiettront  I ‘emport  d'une  charge 
utiie  de  plus  en  plus  lourde,  il  est  possible  d'imaginer  dcs 
lancements  de  plusieurs  pelits  satellites  sur  des  orbitcs 
differcntes.  Cependant.  pour  diminuer  autant  que  possible  le 
cout  des  manoeuvres  de  transferl  de  ces  satellites,  il  est 
essentiel  de  determiner  I'orbite  d'injcction  opiimale  qui 
minimise  par  exemple  la  masse  d'crgols  ncccssaire  a  ces 
iransferts. 

La  methode  utilisee  pour  resoudre  ce  problemc 
d’optimisalion  complexe  est  I'algorithme  du  gradient 
projete  generalise.  Il  permet  de  irouver  I'orbite  d'injcction 
optimale  et  la  trajectoire  asccnsionnelle  correspondante  qui 
minimiscnt  le  cout  tout  en  respectant  les  contrainics 
imposees  a  la  trajectoire  de  montee  et  aux  transfcrts. 

Deux  exemples  d'application  seront  exposes.  Le  premier  est 
I'optimisation  d'un  lancement  double  vers  deux  orbites 
d'inclinaisons  difMrentes,  le  second  conceme  la  mise  a 
poste  d'une  constellation  positionn^e  sur  des  orbites  de 
noeuds  ascendants  difKrents. 


ABSTRACT 

Since  future  launchers  deliver  more  and  more  payload  mass, 
it  is  possible  to  imagine  multiple  launches  of  small 
satellites  into  noticeable  different  orbits.  Yet,  so  as  to 
decrease  possible  high  cost  of  satellite  transfers,  it  is 
essential  to  determine  the  optimal  injection  orbit  that 
minimizes  for  instance  the  ergol  mass  necessary  to  these 
transfers. 

The  method  used  to  solve  this  complex  optimization 
problem  is  the  generalized  gradient  algorithm.  It  allows  to 
find  the  optimal  injection  orbit  that  satisfies  the 
miscellaneous  constaints  applied  to  the  launcher  and  its  tra¬ 
jectory,  and  tha  minimizes  the  cost  function.  At  the  same 
time  control  laws  and  parameters  of  ascent  phase  and 
transfers  are  optimized. 

This  method  application  will  be  shown  on  two  examples, 
the  first  concerning  a  dual  launch  on  two  differently 
inclined  orbits:  the  other  one  concerns  a  constellation  of 
different  ascending  node  positions. 


I  INTRODUCTION 

Puisque  les  futurs  lani  lurs  -  comme  Ariane  V  -  auront  la 
possibilite  d'emporter  de  plus  en  plus  de  charge  utile,  on 
peut  imaginer  des  lancements  multiples  de  petits  satellites 
sur  des  orbites  differcntes.  En  particulier.  le  lancement 
simultane  de  plusieurs  satellites  d'une  constellation  de 
radiolocalisation.  ou  de  deux  satellites  aux  missions 
differcntes  sur  leurs  orbiles  respccuves.  peut  constiluer  une 
solution  inlcrcssantc  malgre  le  cout  probablement  im¬ 
portant  dcs  manoeuvres  dc  transfcrts  apres  I'injcction. 

En  consequence,  il  est  essentiel  dc  determiner  I'orbite 
d'injcction  qui  minimise  les  masses  d'crgols  ou  les 
increments  de  vitesses  ncccssaires  aux  transfcrts  des 
satellites  sur  leurs  orbites. 

La  methode  utilisee  pour  risoudre  ce  problJme  complexe 
d'optimisation  fonctionneile  et  param^trique  est 
I’algorithme  du  gradient  projete  g^ndralis^  (1).  Cette 
methode,  dcvcloppee  a  I’ONERA,  permet  de  favoriser  la 
satisfaction  des  contraintes  lors  des  iterations,  et  done  de 
tjouver  une  trajectoire  optimale  les  respectant  meme  si  la 
trajectoire  initialc  en  etait  loin.  Ces  contraintes  peuvent 
eire  courantes  (flux  thermique  maximal),  interm^diaires 
(retomb^e  d’un  etage)  ou  finales  (parametres  orbitaux), 
d'cgalitc  aussi  bicn  que  d’inegalil^.  En  outre,  une  fonction 
cout  est  minimisce  comme  la  masse  d'crgols  ou  les 
increments  de  vitesses  ncccssaires  aux  manoeuvres  de 
transfcrts  dcs  satellites.  Les  lots  de  controle  du  lanceur  ainsi 
que  dcs  parametres  portant  sur  la  trajectoire  de  montee  et  sur 
les  manoeuvres  des  satellites  sont  optimises.  Ces 
manoeuvres  peuvent  etre  mono  ou  bi-impulsionnelles  et 
elles  induisent  leurs  propres  contraintes. 

La  premiere  partie  concerne  la  representation  utilisee  pour 
ce  problfcme  physique:  modelisation  du  mouvement  du 
lanceur  et  des  satellites,  lois  de  controle  et  parametres 
optimises,  cout  a  minimiser  et  contraintes  a  satisfaire.  La 
deuxieme  partie  illustre  les  potentialit^s  de  I'outil 
d'optimisation:  lancement  double  vers  des  orbites  de  meme 
altitude  mais  d'inclinaisons  diff^rentes:  mise  li  poste  d’une 
constellation  dont  les  orbites  ont  des  noeuds  ascendants 
difKrents,  Dans  chaque  cas,  I'intdret  de  I'optimisation  de 
I'orbite  d'injection  sera  demontr^. 
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2  POSITION  DU  PROBLEMK 

2.1  Mouvement  du  lanceur  et  des  satellit«s 

2.1.1  Modelisation  du  mouvement  du  lanceur 


Si  R  et  V  rcpresentent  la  position  ct  la  vitcsse  par  rapport 
a  un  rcpere  inertiel.  Ics  equations  du  mouvement  du  centre  dc 
graviie  sont: 


R 


+ 


Fa  +  Fr 


m 


m  =  -q 

oil  m  est  la  masse  instantanee  du  lanceur. 

g  est  I'acceleration  gravitationncllc  (avee  prise  en 
compie  de  la  perturbation  due  au  Ja) 

^ 

Fa  et  Fp  sont  Ics  forces  acrodynamique  cl  propulsive 

q  est  le  debit  inslantane  d'ergols. 

Le  vecteur  d'etat  X(t)  cslde  la  forme  X(l)  =  tR,  V,  m)T 

Lcs  lots  dc  commando  choisics  pour  determiner 
I'orienialion  du  lanceur  sont  rassielic  t)  et  I'a/.imut  w, 
exprimes  dans  un  repere  inertiel.  On  suppose  quo  le  lanceur 
vole  sans  derapage,  Tangle  dc  roulis  0  est  done  fonction  de 
8  et  V(/.  11  est  clair  que  la  connaissance  de  Toricntation  du 
lanceur  permet  la  determination  complete  de  la  direction  ct 
du  module  des  forces  acrodynamique  ct  propulsive.  En  ce  qui 
conceme  la  phase  atmospherique,  le  vol  s'cffecluc  a  a/imut 
inertiel  constant  et  a  incidence  quasi-nulle  apres  le 
basculement  du  lanceur.  Le  mouvement  du  lanceur  dans 
Talmosphere  est  done  determine  par  trois  parametres: 
azimut  inertiel,  vitesse  de  basculement  cl  duree  du 
basculement. 


Le  systeme  differcniicl  precedent  peut  done  sc  metue  sous  la 
forme  suivante: 

X(t)  =  f(X.  U.  A.  t) 

oil  U  est  le  vecteur  de  commande  ct  A  le  vecteur  constant  des 
parametres  opiimisablcs. 

2.1.2  Modelisation  du  mouvement  des  satellites 


Le  mouvement  des  satellites  est  enticrcmcnl  determine  par 
lcs  six  parametres  orbitaux  suivants:  le  demi-grand  axe  note 
a,  Texcentricitfi  e.  Tinclinaison  i.  Targument  du  nocud 
ascendant  fl,  Targument  du  perigee  to  el  Tanomalic  vraie  v. 
Ces  parametres  obcissent  aux  lois  de  Kepler. 

2.2  Chronologic 

Le  vol  du  lanceur  est  emaille  d'une  sene  d'^vcnemenis 
particulicTS  comme  le  largage  des  clages  vidcs  ou  de  la 
coiffe,  introduisant  des  disconlinuilcs  dans  la  masse  et  lcs 
forces  propulsive  et  a^rodynami^ue.  De  plus,  la  chrono¬ 


logic  dc  ces  evcncmenis  est  a  prion  inconnue.  Pour  trailer 
ces  discontinuitcs,  il  est  nccessairc  de  considerer  des 
sections  de  trajecloircs.  Le  passage  dune  section  a  Tautre 
est  determine  par  !c  changement  de  signe  d  un  certain 
criterc.  different  suivanl  lcs  evenemenis, 

2.3  Fonction  eout 

Elam  donne  que  lcs  ca.  actcrisliqucs  du  lanceur.  lcs 
conditions  iniiiales  et  lcs  cldments  orbitaux  finaux  sont 
connus.  si  Ton  neglige  le  temps  de  reponse  du  systeme  de 
controle  d'allilude  du  lanceur.  le  probleme  consisie  a 
determiner  lcs  lois  d'assieltc  et  d'azimut  oplimales 
procurant  le  coin  minimal  tout  en  rcspectant  les 
contraintes. 

2J1  Expression  du  coul 

Le  coin  ii  minimiscr  peut  circ  Tincrement  total  de  vitesses  a 
foumir  pour  pcrmctlrc  lcs  transferts: 

i 

oil  AVj  est  Timpulsion  du  icme  saleilite. 

On  peut  aussi  choisir  dc  mmimiscr  Timpulsion  maximale 
des  moteurs  d  apogee  dc  chaque  satellite: 


Vf,  =  Max  I  AVj  I 
i 

Dans  ce  cas.  le  programme  tend  a  cgaler  les  differentes 
impulsions  de  iransfert. 

La  fonction  peut  aussi  concerner  lcs  masses  d'ergols 
niicessaires  pour  effeciucr  Ics  transferts  d'orbiies.  La  masse 
d'ergols  requise  pour  la  iiitmoeiivre  est: 

Mergi  =  nii(^exp  -  I  j 

oil  mj  est  la  masse  finale  du  satellite. 

Ispi  son  impulsion  specifiquc,  exprimee  en  sccondes. 


Les  caracteristiques  du  moieur  d'apogee  correspondant, 
capable  dc  foumir  cette  impulsion  grace  ii  sa  masse  d'ergols, 
scront  cellos  dc  la  gamme  dc  moteurs  MAGE  (Isp  de  310  s). 
En  outre,  afin  dc  simplifier  le  calcul  de  la  masse  seche  du 
moicur.  on  considercra  un  coefficient  dc  structure  constant 
dc  10%  (rapport  dc  la  masse  seche  sur  la  masse  d'ergols). 

Comme  prccedcmment,  le  coin  peut  ctre  exprime  par: 

Vq  =  ^  M^rgi  ou  .Max  (  Mergi  ) 


Intcressons-nous  maintcnanl  le  calcul  de  Timpulsion  dc 
vitesse  dans  le  cas  de  manoeuvres  mono  ou  bi-impul- 
sionncllcs. 
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2.32  Calcul  des  manoeuvres 

•  Manoeuvre  mono-impulsionnelle 

Afin  de  determiner  oil  s'effectue  la  manoeuvre  sur  i'orbiie 
d'injccfion.  un  parameire  supplementaire  a  optimiser  est 
pris  en  compte:  le  temps  scparant  I'injection  de  la 
manoeuvre. 


-  Figure  1  - 

*inj  W  “ft  rcspcctivcment  les  vccicurs  inclinaisons  sur 
I'orbite  d'injection  ct  finale.  ct  Vfjf,  sont 

respectivement  les  vitesses  sur  I’orbite  d’injection  ci  sur 
I'orbite  finale  au  point  de  manoeuvre  M  (voir  figure  1). 

Pour  assurer  que  le  point  M  appartient  prdcisement  a  I'otbiie 
finale  desirde,  deux  coniraintes  supplementaires  doivent 
ctre  ajout^es  concemant  I'altitude  et  la  latitude  de  M.  Si 
dies  ne  sont  pas  saiisfaitcs,  I'orbite  finale  cst  modifiic  de 
maniere  a  pouvoir  calculer  le  cout  (voir  §2.4.1). 

Apres  la  modification  cventuelle  de  I'orbite  finale,  la 
Vitesse  Vfin  et  done  AV  sont  facilement  calculablcs. 

•  Manoeuvre  bi-impulsionnelle 

Contrairemem  a  la  manoeuvre  mono-impulsionnelle,  unc 
manoeuvre  bi-impulsionnelle  est  toujours  possible,  mais 
requiert  un  plus  grand  nombre  de  parametres  a  optimiser. 


Le  satellite  cst  injecte  cn  Mj  deputs  I’orbite  d  injection  sur 
unc  orbite  mtcrmcdiaire  sccantc  a  I’orbite  finale.  Au  point 
d’intcrsection  M2,  une  seconde  impulsion  est  dormee  pour 
placer  le  satellite  sur  son  orbite  finale  (voir  figure  2). 

Afin  de  definir  complctemcnt  ce  transfert,  trois  pjuametres 
sont  optimises: 

-  un  parametre  dormant  la  position  de  j  sur  i’orbite 
d’injection.  On  choisit  I’ascension  orbitale  vraie,  qui  est 
I'angic  brisc; 

Vij  =  fjj  (oj  -I-  vj 

oil  Oj  cst  la  longitude  du  noeud  iscendant.<i>]  est 
I’argumenl  du  pcrigiie.  cl  vj  I'anomalie  vraie  du 
satellite  sur  i’orbite  d'injection. 

-  un  parametre  dormant  la  position  de  M2  sur  I’orbite 
finale.  V2 

-  un  parametre  determinant  la  forme  de  I’orbite 
inicrmediairc,  joignant  Mj  ct  M2.  Par  deux  points  non 
alignes  avee  le  centre  de  la  Terre,  passe  sculcmcnt  une 
orbite  Kcpicrienne  de  parametre  fixe  pr  pj-  sera  choisi 
comme  troisiemc  parametre. 

Deux  autres  p.iramctrcs  pourront  aussi  ctre  pris  en  compte 
(s’ils  nc  sont  pas  contraints):  I’argumcnt  du  perigee  et  du 
noeud  ascendant  do  l  orbitc  fmalc. 

Cormaissani  la  position  de  Mj  et  .M2  ct  Ic  parametre  pr,  il 
est  possible  dc  determiner  les  autres  elements  de  I’orbite 
intermediaire.  ncccssaircs  pour  le  calcul  des  vitesses  V12  et 
V21.  rcspcclivcmcni  aux  points  Mj  et  M2  En  particulier. 
il  existc  deux  solutions  ij  et  -ip  pour  ic  vectcur  inclinaison 
de  I’otbiie  intermediaire,  corrcspondani  aux  deux  sens  de 
parcours,  ct  done  changcant  V12  et  Vaj  en  leurs  opposes. 
La  solution  adoptee  sera  colic  conduisant  a  une  impulsion  de 
Vitesse  minimale. 

2.4  Coniraintes 

Les  coniraintes  a  respecter  conccrncnt  aussi  bicn  la 
trajectoire  de  monice  que  Ics  diversex  manoeuvres.  Elies 
sont  done  dc  differents  types. 

2  4./  Contrainies  finales 

*  Coniraintes  sur  le  lanccur 

Les  conuaintes  finales  sur  le  lanceur  pcrmettcnl  d’assurer 
que  I’orbite  d'injection  est  atieinie  au  temps  final  (d^termm6 
par  rdpuisement  des  ergots).  Line  premiere  contrainte 
d'indgalit^  porte  sur  I'allitudc  du  perigee  dc  I'orbite 
d’injection  afin  quelle  soil  viable  pendant  plusieurs 
revolutions  (lip  2  200  km). 

*  Coniraintes  sur  les  satellites 

Un  jcu  de  coniraintes  d’llgalite  impose  Ic  respect  des 
elements  orbitaux  finaux  (a.  e.  1  et  cvcntuellement  Q.  <0  et 
v)  des  differents  satellites. 

Des  coniraintes  d’inegalite  supplementaires  sont  activecs 
scion  le  type  dc  manoeuvre. 
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Dans  le  cas  d'un  transfert  mono-impulsionnei.  deux 
contraintes  sent  ndcessaiies  pour  assurer  que  les  orbites 
d'injection  et  finale  sonc  s^cantes  au  point  de  manoeuvre  M. 
contraintes  portani  sur  I'altitude  et  la  latitude  de  ce  point. 

Si  hvt  est  Taltitude  de  M,  hpp  et  h^p  respectivemeni 
I'altitude  du  pdrigee  et  de  I'apogee  de  I'orbile  nnaie.  on  doit 
avoir; 

hpF  S  Km  S  hap 

Si  cette  contiainie  n  est  pas  respectee,  i'altitude  du  perigee 
est  modifi^e  comme  suit 

hpF  =  Ifap-R-r-,  -  hy  (oil  Rt  est  le  rayon  lerrestre) 

Si  6m  ^4  latitude  de  M.  ip  I'inclinaison  finale,  on  doit 
avoir: 

(OmI  S  ip  (°u  Idvjl  S  Jt-ip  si  ip  >  7t/2) 

Si  ^a  n'est  pas  le  cas  ip  est  modifi^  en  ip'  =  Idyl 
(ou  ip=  si  ip  >  nil) 

Dans  le  cas  d'un  transfert  bi-impulsionnel.  scule  unc 
contrainte  d'inegalite  est  ajoutee  pour  assurer  la  viabiliic  do 
I'orbite  intermediaire  (altitude  de  perigee  superieure  a  200 
km). 

2.4.2  Conlrainles  couranti:^ 

Une  seule  contrainte  courante  sera  prise  en  compte.  Pile 
porte  sur  la  trajectoire  ascensionnelle  du  lanceur,  et  assure 
que  le  Oux  thermique  maximal  iCfu  par  la  charge  utile  apres 
le  largage  de  la  coiffe  n'cxcede  pas  1 135  W/m^.  Lc  flux 
thermique  est  modelise  de  fa^on  simplifiec  par: 

6  =  1/2  p  vf 

^  a 

oil  p  est  la  densite  atmospherique  at  la  vitesse 
aerodynamique  du  lanceur. 

2.4.3  Conlraimes  inierr.Jdiaire.s 

Les  contraintes  inte-mcdiaircs  prevucs  dans  lc  code,  telle 
que  la  contrainte  de  retombee  d'un  ctage  ([2]),  nc  seront  pas 
prises  en  compte  dans  les  cas  etudies  afin  de  simplifier  le 
probleme. 

3  RESULTATS 

L'outil  present^  precedemment  permet  de  trouver  la 
"meilleure"  trajectoire  de  montce  vau  sens  d'un  cout)  ainsi 
que  les  "meillcures"  manoeuvres,  grace  a  une  optimisation 
couplee,  De  plus,  il  est  possible  de  considcrer  la  mise  a 
poste  simultanee  de  plusieurs  satellites  sur  dcs  orbites  dif- 
ferentes. 

La  capacite  du  code  a  trailer  des  problcmcs  varies  sera 
demontree  sur  les  deux  cxtmples  suivants:  lc  premier 
concerne  deux  satellites  a  injecier  sur  dcs  orbites 
d'inclinaisons  diffdrentes  et  lc  second  la  mise  a  poste  d'une 
constellation  de  trois  satellites  sur  dcs  orbites  de  mcme 
inclinaison  mais  dont  les  noeuds  ascendants  sont  scparcs  de 
120”. 


3.1  Lancement  double 

Considcrons  deux  satellites  dont  les  caract^ristiques  sont 
les  suivanles: 

■  satellite  1  :  masse:  2500  kg  (moteur  d'apogee  compris) 
orbite  visee  ;  700/700/98° 

•  satellite  2  .  masse;  1000  kg  (moteur  d'apogie  compns) 
orbite  visee  :  700/700/80° 

Le  lanceur  considere  est  Ariane  44LP  equips  de  sa  coiffe 
longue  (815  kg),  du  support  exteme  Speltra  (420  kg)  et  de 
I'adaptateur  Ariane  (50  kg). 

Plusieurs  solutions  peuvent  eire  envisagees  pour  effectuer 
cc  lancement  double. 

La  premiere  consiste  a  injccicr  direciement  I'un  des 
satellites  sur  son  orbite  finale  et  d'cffcctuer  une  manoeuvre 
pour  le  second.  Dans  cc  cas.  la  masse  necessaire  pour  cette 
manoeuvre  peut  depasscr  les  capaciics  d'emport  des  moteurs 
d'apogee  cxisiani  actuellcmcnt. 

Une  autre  solution  peut  done  etre  d'injecler  les  deux 
satellites  sur  une  orbilc  de  transfert  ci  d'cffectuer  une 
manoeuvre  pour  chaque  satellite.  Cette  orbite  d'injection 
sera  optinnsce  au  sens  d'un  cout  (par  exempie.  la  mini- 
misaiion  des  masses  d'ergols  depenses). 

J  /  J  Orbite  d'tnjecnon  face 

Puisque  les  orbites  visccs  do  chaque  saicliiic  Oj  et  02  ont 
meme  altitude  (700  km),  I’impulsion  de  vitesse  necessaire 
au  transfert  d'une  orbite  a  I'autrc  requiert  uniquemenl  un 
ratirappage  d  iinaison  de  18°,  sous  reserve  que  la 
manoeuvre  ait  heu  a  I'un  des  nocuds.  La  valour  minimalc  de 
I'impulsion  est  dans  cc  cas  2350  m/s.  On  suppose  que  les 
deux  satellites  sont  equipes  du  mcme  type  de  moteur 
d'apogee  dont  les  caracteristiques  sont  basees  sur  celles  de 
la  gamme  MAGE  (Isp  =  310  s.  rapport  dc  la  masse  seche  sur 
la  masse  d'ergols  de  10  %). 

La  table  1  dormc  les  masses  neccssaircs  a  mettie  a  poste  sur 
I'orbile  d'lnjccnon  pour  les  deux  types  dc  manoeuvres  (Oj 
vers  O2  el  Ot  'crs  Oj )  comparccs  avee  les  performances 
d'Ariane  44LP. 


orbite  d’injection 

Masses  (kg) 

Oi  (98°) 

O2  (80°) 

Speltra  +  adaptateur 

470 

470 

Satellite  positionne 

2500 

1000 

Satellite  a  positionner  * 

1000 

2500 

Masse  d’ergols  neccssaue 

1165 

2910 

Masse  a  I’injeclion 

5135 

6880 

Performance  Ariane  44  LP 

5520 

6065 

•  comprenant  la  masse  seche  du  moteur  d’apogee 


-  T able  1  - 
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Etant  donn^  que  la  masse  necessaire  sur  Torbiie  d'injection 
O2  est  superieure  a  la  performance  d'Ariane  44LP  sur  ceue 
orbite,  la  seconde  strategic  (injection  sur  O2  et  transfcrt  du 
satellite  1  vers  Oi)  n'est  pas  viable. 

En  revanche,  en  ce  qui  concerne  la  premiere  stratigie.  la 
performance  d'Ariane  44LP  est  suffisanle,  mais  le  transfert 
du  satellite  2  vers  son  orbite  finale  requiert  un  moteur 
d'apogde  pouvant  contenir  1165  kg  d'ergols.  moteur 
n'eaistant  pas  jusqu'i  maintenant. 

3.J.2  Optimisation  de  I'orbite  d'injection 

Le  seul  moyen  de  realiser  ce  lancement  double  est  done 
d'optimiser  I'orbite  d’injection  de  telle  fafon  que  tes  deux 
satellites  soient  dquipes  de  moteurs  d'apogee  realistes.  Deux 
calculs  d'optimisation  seront  effectuds  avec  des  couts 
diffdrents. 

Le  premier  indice  de  cout  a  minimiser  est  le  maximum  des 
impulsions  de  vitesse.  Ce  cas  de  calcul  evident  ne  fait  que 
ddmontrer  les  capacites  du  code,  ct  par  consequent,  on  ne 
tiendra  pas  compte  des  resultats  concemant  I'cxistcnce  des 
moteurs  d'apogee  requis.  Avec  cette  function  coiit, 
I'algorithme  tend  a  6galer  les  deux  impulsions,  en  chcrchani 
a  minimiser  la  plus  grande.  II  est  clair  que  I'orbite  d'injec¬ 
tion  optimale  devra  etre  inclinee  a  89°.  Effcctivement. 
I'orbite  d'injection  optimale  O3  trouvde  par  I'algorithme  est 
la  suivante:  670/720/89°.  On  peut  noter  que  les  manoeuvres 
ont  lieu  aux  noeuds  ascendants  des  orbites  d'injection  ct 
finales,  ce  qui  minimise  le  cout  puisque  seul  un  rattrapage 
stiictement  en  inclinaison  est  a  effectuer.  Do  plus,  I'orbite 
d’injection  s'est  d^formee  par  rapport  a  I'inilialisation 
(700/700^0°),  diminuant  son  energie  En  effet,  puisque  les 
manoeuvres  sont  mono-impulsionnelles,  elles  ont  toutes 
lieu  a  700  km  d'altitude.  L'increment  de  vitesse  est  minimal 
si  le  module  de  la  vitesse  sur  I'orbite  d'injection  a  une  valcur 
I6g6rement  inf6rieure  ll  celle  sur  I’orbite  finale. 

Les  figures  3  et  4  presentent  respectivement  Ics  evolutions 
au  cours  des  iterations  des  impulsions  de  vitesscs  et  des 
masses  d'ergols  necessaires  aux  manoeuvres.  On  s’aper^oit 
qu'a  partir  de  I'itdration  50.  I'optimum  est  presque  atteint. 
bien  que  I'initialisalion  en  soil  loin. 
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-  Figure  3  - 


Sjieltra  + 
adapuicur 

Sat  1 

Erg.  1 

Sat  2 

Erg.  2 

Total 

470 

2500 

1185 

1000 

474 

5629 

Uttm  a  tgon  Ikgi 
10000  > 

4000  -1 

1040  — 

7000  - 

4000  • 

>000  -  - 

4000  * 


3000  , 
0000  • 
1000  - 
0  - 


0  i 


■  Table  2  ■ 
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-  Figure  4  • 

Co  lanccmeni  est  possible  avec  oVriane  44LP  puisque  sa 
performance  sur  cette  orbiie  d  injection  est  de  5680  kg. 

La  scconde  fonction  de  cout  prise  en  compte  est  le 
maximum  des  masses  d'ergols  necessaires  aux  manoeuvres, 
cout  qui  permet  d'equilibrer  les  masses  d'ergols  des  deux 
moteurs  d’apogee.  L'orbite  d’injection  optimale  O4  obtenue 
par  le  code  est  la  suivante  ;  695/700/92,3°, 

Cette  valcur  de  I'inclinaison  plus  forte  que  prdeddemment 
est  due  au  fait  que,  puisque  les  deux  satellites  doivenl 
depenscr  aulant  d’ergols.  I'orbite  d'injection  est 
naturellement  plus  proche  de  celle  du  satellite  le  plus  lourd 
(ici  I’orbite  inclinee  a  98°). 

La  figure  5  donne  revolution  de  I'inclinaison  de  I’orbiic 
d'injection  (initialisec  a  90°1  au  cours  ccs  iicrations. 
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La  table  2  donne  le  detail  de  la  masse  necessaire  sur  Torbitc 

d'injection  O3  ~  Figure  5  - 
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Les  figures  6  ct  7  moniieni  respectivement  les  6voluiions 
des  masses  d'ergols  et  des  impulsions  de  vitcsse. 
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-  Figure  6  - 
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Dans  Ic  cas  du  lancemcni  double,  roptimisaiion  couptee  de 
la  trajcctoire  de  montee  cl  des  manoeuvres  a  conduot  a  une 
orbiie  d'injcciion  qui  pctmci  de  meiue  a  postc  les  deua 
satclUies  avcc  dcs  masses  d’ergols  realistes. 

3.2  Lancement  d’utie  constellation 

Considcrons  une  constellation  de  radiolocalisation  (3] 
composce  de  trots  satellites,  dc  SOO  kg  chacun,  dont  les 
orbiics  finales  onl  pour  elements  orbitaux  : 
a  =  42164  km 

r,  (hn  =  27733  km  el  h,  =  43840  km) 

e  =  0,191 

I  =  18,345° 

to=  254.887° 

plus  une  difference  de  nocuds  ascendants  de  120°  entre 
les  orbites. 

Lc  lanccur  utilise  pour  ce  lancement  triple  esi  Ariane  V, 
equip6  dc  la  coiffc  courtc  (1870  kg)  el  du  support  exterae 
Speltra  (900  kg).  Les  transferts  sent  dc  type  bi-impul- 
sionncl  ct  la  fonciion  cout  a  minimiscr  cst  la  somme  des 
impulsions  de  vitesscs  des  trois  manoeuvres.  Comme 
prcccdcmmcnl.  on  considcrcra  tout  d’abord  une  les  transferts 
a  partir  d  une  orbite  d'injcciion  fixcc  qui  sera  liberee  par  la 
suite  afin  d'obscrver  les  ameliorations  apportces  par  le 
code.  Enfin,  d.ans  les  deux  cas.  une  contrainte  supple- 
mcnlairc  pourra  etre  aciivee  afin  d'assurcr  un  bon  cquilibre 
massique  cnirc  les  satellites.  La  satisfaction  de  cette 
contrainte  motcur  I'crmet  dc  limner  a  5*70  I'ccarl  entre  les 
masses  d'ergols  ncccssaircs  a  chaque  satellite  et  Icur  valcur 
moyenne. 


/f4r90o/t9 


■  Figure  7  - 

A  I'initiaiisation.  les  masses  d’ergols  ncccssaircs  ctaicnl  dc 
9500  kg  pour  le  satellite  l  el  dc  5650  kg  pour  le  satellite  2. 
Grace  a  I'optimisaiion  de  I'orbitc  d  injection,  ccs  valcurs 
ont  6tc  considerablement  reduites  pour  arriver  a  des  masses 
realistes  (700  kg). 


3.2./  Orbite  d'injeclion  fixee 

L’orbitc  d'injcction  consideree  cst  une  CTO  classique 
inclinee  a  7°  d’allitudc  perigee  280  km  ct  d’apogee  a  35786 
km  d'aitiiudc. 

Choisir  une  orbite  d’injcciion  deja  inclinee  a  18,345°  pcui 
sembicr  au  premier  abord  plus  intcrcssanl  cn  terme  de  cout. 
puisqu'il  nc  rcstcrail  plus  qu’un  ratlrapage  dc  noeud 
ascendant  a  effcclucr.  Neanmoins,  les  changemenis  dc 
noeud  ascendant  cnlraincraient  obligatoirement  dcs 
modifications  d’  inciinaison  (sauf  pour  lc  satellite  dont 
I’orbite  finale  a  le  mome  noeud  ascendant  que  i’orbitc 
d’injcction),  ce  qui  conduiraii  a  un  cout  ires  important. 

Cette  orbiie  GTO  servira  d’initialisalion  pour  les 
optimisations  suivanlcs. 


La  table  3  foumit  le  detail  des  diff6renies  masses  sur  I’orbile 
d’injcction  O4 


Speltra  + 
adaptateur 

Sat  1 

Erg.  1 

Sat  2 

Erg.  2 

Total 

470 

2500 

700 

1000 

700 

5370 

-  Table  3  - 


Deux  calculs  ont  etc  mcncs  pour  la  mise  a  poste  a  partir  de 
cette  orbite  d’injcction,  la  contrainte  motcur  n’eiant  aciivcc 
que  dans  un  deuxieme  temps.  Bicn  entendu,  lc  cout  cst  plus 
important  dans  ce  cas  (707  ,i/s  contre  6631  m/s). 

La  table  4  donne  les  rcsullals  de  I’opiimisation  dans  le  cas 
oil  aucunc  contrainte  nest  imposce  sur  les  masses  d'ergols. 

II  cst  a  notcr  que  les  valcurs  des  nocuds  aserndants  nc  sonl 
que  relatives.  En  cffci,  lc  temps  initial  correspond  arbi- 
trairement  au  moment  ou  Y50  passe  a  Greenwicli.  Pour 
modifier  le  noeud  ascendant  dc  I’orbitc  d’injcction.  il  suffit 
done  d’ajuster  rheure  de  tir. 


La  capacity  d'emport  d' Ariane  44LP  pour  cette  mission  est 
de  5512  kg. 
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Les  masses  d’ergols  pour  Ics  irois  saiellites  sont  ires 
differentes.  Pour  eviler  ccs  ecarts,  on  active  la  contramte 
moteurs. 


.  1 

on 

AW  (m/s) 

Masse  d'ergols 
(kg) 

Orbile  d'injection 

180 

- 

bhi 

Orbite  finale  1 

9 

1833 

414 

Orbite  finale  2 

129 

2363 

588 

Orbile  fmale  3 

249 

2435 

614 

-  Table  4  - 


La  table  S  resume  les  modifications  induites  par  I'aclivation 
de  ceite  contrainte. 


0(°) 

AV  (m/s) 

Masse  d'ergols 
(kg) 

Orbite  d'injection 

180 

- 

- 

Orbite  Fmale  1 

9 

2278 

558 

Orbite  fmale  2 

129 

2355 

585 

Orbite  Fmale  3 

249 

2438 

614 

-  Table  5  - 


Du  fait  que  les  masses  d'crgols  des  deux  dcmicrs  satellites 
etaient  du  meme  ordre  de  grandeur,  I'algorithme  n'a  fait  que 
d^grader  le  cout  de  la  manoeuvre  du  premier  satellite. 


Iteration  0 

Iteration  300 

i  injection  (°) 

7 

13.8 

ii  injection  {°) 

180 

147.3 

ii  finaux  (®) 

9/129/249 

28/148/268 

AV  (m/s) 

1833/2363/2435 

1737/1355/2842 

Masse  d'crgols 
(kg) 

414/588/614 

385/280/773 

Cout  (m/s) 

6631 

5934 

-  Table  6- 

Les  figures  8  el  9  fournisseni  plus  de  ddiails  sur  les 
changements  inicrvenus  au  cours  des  iterations.  Elies 
presentcni  rcspectivemenl  les  evolutions  des  noeuds 
ascendants  et  des  inclinaisons  des  orbites  d'injection, 
iiiiermcdiaires  cl  finales. 
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3.2.2  Optimisation  de  Vorbite  d'injecuon 

*  Contrainte  moteurs  ddsactivce 

Le  point  de  depart  de  I'oplimisation  est  resume  dans  la  table 
4.  En  particuiier,  la  somme  des  increments  de  viiesse 
necessaires  aux  transferts  depuis  une  CTO  7°  est  de  6631 
tn/s.  Aprbs  300  iterations,  elle  est  passce  a  5934  m/s,  el 
I'inclinaison  de  I'orbite  d'injection  est  passee  a  13,8®  ct 
I'argument  du  noeud  ascendant  a  147,3®,  De  plus,  lenergie 
de  I'orbite  a  augment^  les  altitudes  de  perigee  et  d'apogee 
passant  respectivement  de  280  km  a  611  km  et  de  35786 
km  li  40586  km. 

On  peut  noter  qu'au  cours  des  iterations,  I'ccart  relatif  des 
noeuds  ascendants  des  orbites  finales  demeure  egal  a  120", 
ceite  contrainte  reslani  satisfaite  par  la  suite. 

La  table  6  compare  les  orbites  entre  I'initialisation  et  la 
convergence. 


-  Figure  8  - 
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Figure  9 


Ces  figures  montrent  qu'k  la  convergence,  les  orbiles 
imermediaire  et  finale  du  satellite  2  ont  pratiquement  meme 
inclinaison  et  noeud  ascendant,  conirairement  ^  I'ini- 
tialisation.  La  figure  8  montre  en  particulier  que  ce  noeud 
ascendant  commun  aux  orbites  intermediaire  et  finale  est 
aussi  celui  de  I'orbite  d'injeciion,  ce  qui  explique  le  faible 
cout  des  manoeuvres  effectuees  par  le  satellite  2.  Le 
transfer!  est  en  fait  quasi  mono-impulsionnel  (lere 
impulsion:  1278  m/s,  2nde  impulsion:  77  m/s),  la  premiere 
impulsion  permettant  un  rattrapage  global  en  energie  et  en 
inclinaison. 

Pour  le  satellite  1.  on  constate  une  evolution  relativement 
minime  des  orbites  finale  et  intermediaire  entre  les 
iterations  0  et  300,  aussi  bien  en  terme  de  noeud  ascendant 
que  d'inctinaison.  Comme  pour  le  satellite  2,  le  transfer!  est 
quasiment  mono-impulsionnel  (lere  impulsion:  1662  m/s, 
2nde  impulsion:  75  m/s). 


Iteration  300 

Iteration  600 

i  injection  (“) 

13,8 

6,4 

O  injection  (“) 

147,3 

171.2 

il  finaux  (°) 

28/148/268 

-19/100/220 

AV  (m/s) 

113in355m42 

2095/2178/2253 

Masse  ergols  (kg) 

385/280/773 

496/524/549 

Cout  (m/s) 

5934 

6526 

-  Table  7  - 


Enfin,  les  6carts  en  inclinaison  et  en  noeud  ascendant  entre 
les  orbite  d'injection,  intermediaire  et  finale  du  satellite  3 
ont  sensiblement  augmcnte  au  cours  des  iterations.  Par 
consequent,  ce  transfert  est  beaucoup  plus  couteux  que  les 
deux  autres  (773  kg  d'ergols  requis  conlre  385  et  280  kg 
pour  les  satellites  1  et  2).  Levolution  des  masses  d'ergols 
est  illustree  sur  la  figure  10.  On  observe  la  diminution  des 
masses  d'ergols  du  satellite  2  permettant  une  amelioration 
du  cout,  ainsi  que  la  degradation  de  la  manoeuvre  du  satellite 
3. 


lUstt  a'trgols  {kg) 
600  - 


200  i- 


La  figure  1 1  donne  les  evolutions  des  masses  d'ergols  de 
chaque  satellite  au  cours  des  iterations. 

On  note  que  seules  50  iterations  sont  necessaires  it  la 
satisfaction  de  la  contrainte  moteurs,  les  masses  d'ergols 
rcquises  gardant  quasiment  les  mcmes  valeurs  par  la  suite. 
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-  Figure  10 


-  Figure  1 1  - 

Les  figures  12  et  13  decrivent  respectivement  les 
evolutions  des  noeuds  ascendants  et  des  inclinaisons  des 
orbites  d'injection,  intermediaires  ct  finales. 


*  Contrainte  moteurs  activee 

Les  rdsultats  precedents  montrent  une  sensible  diminution 
du  cout  global,  mais  au  detriment  de  I'equilibre  entre  les 
masses  d'ergols  des  differents  satellites.  Pour  assurer  la 
symetrie  de  la  constellation,  a  partir  de  I'iteration  3(X),  une 
serie  de  300  iterations  suppldmentaires  a  ete  effectude  en 
activant  la  contrainte  moteurs. 

La  table  7  compare  les  rdsultats  des  deux  convergences 
suivant  que  la  contrainte  moteurs  est  active  ou  non.  Comme 
on  pouvait  le  prevoir,  le  respect  de  cette  contrainte  entraine 
une  augmentation  du  cout  total.  Cette  valcur  oblenue  est  a 
comparer  la  avec  celle  correspondani  au  cas  de  forbilc 
d'injeciion  fixde  k  une  GTO  7°,  contrainte  moteur  active 
(§3.2.1),  oil  I'on  constate  une  nette  amelioration,  Ic  cout 
passant  de  7071  m/s  a  6526  m/s. 
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-  Figure  1 2  - 
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-  Figure  13  - 

Les  orbites  interm&liaire  et  finale  du  satellite  1  ont  mcme 
inclinaison  et  noeud  ascendant,  et  ont  tres  peu  varie  par 
rapport  a  I'it^ration  300.  En  revanche,  I'increment  de 
Vitesse  a  augment^  du  fait  dc  la  plus  grande  difference  entre 
les  inclinaisons  des  orbites  d'injeciion  et  inlermediairc 
(voir  Figure  13). 

En  ce  qui  conceme  Ic  satellite  2,  etant  donne  que  son 
transfert  etait  auparavant  le  moins  couteux,  I'activaiion  dc 
la  contrainte  ne  pouvait  que  le  degrader.  Ainsi.  alors  qu  a 
I'iUration  300  les  orbites  intermediaire  et  finale  avaicnt 
meme  inclinaison  et  noeud  ascendant,  les  300  itdralions 
suppUmentaires  ont  conduit  k  une  difference  de  72°  sur  les 
noeuds  ascendants  et  12.8°  sur  les  inclinaisons.  En 
consequence,  et  de  maniere  a  latcrappcr  ccs  ccarts,  la 
seconde  impulsion  n'est  plus  negligeablc  (le  transfert  cst 
Cette  fois  reellement  bi-impulsionnel).  Lc  cout  du  transfert 
est  done  mieux  reparti  entre  les  deux  impulsions. 

En  revanche,  la  syrndtrie  entre  les  irois  satellites  imposec 
par  la  contrainte  moteurs  conduit  a  une  baisse  du  cout  de 
transfert  du  satellite  3.  Comme  Ic  montre  la  figure  12,  dcs 
les  50  premieres  iterations,  les  orbites  d’injection  et 
intermediaire  ont  meme  noeud  ascendant,  qui  par  la  suite  sc 
rapproche  de  plus  plus  de  celui  de  I'orbite  finale.  Quant  aux 
inclinaisons,  celle  de  I'orbite  intermediaire  sc  rapproche.  au 
cours  des  iUrations,  a  la  fois  de  I'orbite  d'injeciion  et  dc 
celle  de  I'orbite  intermediaire. 

Bien  evidemment,  le  respect  de  la  contrainte  moteurs 
impose  que  les  masses  d'ergols  des  trois  satellites  soient 
sensiblement  identiques,  comme  I'iHustrcnt  les  valcurs 
port^es  dans  la  table  7. 

Les  figures  suivantes  presentent  dcs  evolutions  globalcs  au 
Cours  des  600  itdrations  effecluccs.  Ic  raccord  a  300 
iterations  marquant  I'activaiion  de  la  contrainte  moteurs. 

La  figure  14  decrit  revolution  dc  la  fonction  cout  (e'est-a- 
dire  de  la  somme  des  impulsions  de  vitessc). 


-  Figure  14  - 

Le  cout  decroit  rcgulierement  jusqu'a  I'iteration  300.  toutes 
les  coniraintes  etant  deja  saiisfaitcs.  Puis,  a  I'activaiion  de 
la  contrainte  moteurs,  il  augmenlc  raptdcmcni  puis  decroit  a 
nouveau  rcgulierement  une  fois  que  la  contrainte  est 
satisfaile.  La  valcut  irouvee  apres  600  iterations  est  bien 
entendu  supcricure  ii  cellc  dc  riicraiion  00. 

Les  figures  15  et  16  donnent  respcctivcmcnt  revolution  de 
I'encrgie  cl  de  rallilude  dc  perigee  dc  I'orbite  d'injection. 


entrgit  d»  fOtblf  d'lnl*cllon  (km) 
10000  - 


JOOOO  • 

1S000  •  * 

AcDvatKxi  d*  u  'noisui’t 

10000 

9000  • 

0  <00  200  }0I3  400  SOO  600 

lt4r»1lon§ 


-  Figure  15  - 

Dans  la  premiere  panic  (de  0  a  300  iterations),  les  valeurs 
dc  I'altitudc  de  pdrigee  et  de  I'encrgie  de  i'orbite  d'injection 
croissent  afin  dc  se  rapprocher  dc  celles  dcs  orbites  finales, 
pcrmctiant  ainsi  au  cout  dc  diminucr.  Lorsqu'on  active  la 
contrainte  moteurs,  i'encrgie  decroit  fortement.  en  parallele 
avee  raugmentation  du  cout.  Cette  baisse  d'energie  permei 
dc  degradcr  les  manoeuvres  les  moins  couleuscs  (satellites  1 
et  2).  Cependant.  clle  n'empeche  pas  pour  autant 
I'ameiioration  du  transfert  du  satellite  3,  due 
essenticllcment  a  la  diminution  des  rattrapages  en 
inclinaison  ct  en  nocud  ascendant  a  cffectucr  (voir  figures 
12  ct  13).  Une  fois  la  contrainte  saiisfaitc.  la  valeur  de 
rencrgic  revient  a  son  niveau  precedent,  ct  I'optimisation 
se  poursuit  avec  une  diminution  du  cout  global.  Notons  que 
I'altitudc  du  perigee  dc  I'orbite  d'injection  n'a  ccsse 
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d'augmenter  au  cours  dcs  iterations,  favorisant  ainsi  une 
baisse  du  coul,  au  detriment  de  la  masse  totale  dc  charge 
utile  placee  sur  cette  orbitc. 


Pour  le  lancement  de  la  constellation,  on  a  pu  gagner,  grace 
a  roptimisalion.  entre  7  et  10%  par  rapport  a  la  mise  a 
posle  depuis  une  GTO  7°  classique. 


Alt.  a*  P4rlg*»  dm  l  OrbItm  dinl.  Ikmi 

1000  - 

900  - 
900  • 

700  -r  I 


«00  • 


soo  ^ 
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«00  ♦  g-' 

300  g 
200 
too  * 


Aciivanon  Q«  ta  contraiot*  mowura 


Grace  a  h  diversiic  des  contraintes  -facilcmeni  aciivables- 
ct  aux  nombreuses  fonciions  couis,  un  grand  nombre  de  cas 
peuveni  cire  trait6s  par  le  programme.  L'ini^rci  de  ccue 
meihode  d’optimisation  repose  sur  Ic  fait  qu  elle  peui  gerer 
un  grand  nombre  dc  parametres  (pariicuhcrement  dans  le  cas 
dcs  manoeuvres  bi-impulsionnellcs),  evicant  ainsi  un 
balayage  faslidieux  dc  loutes  Ics  combinaisons  possibles. 
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Discussion 

Question:  My  question  concerns  the  equivalence  constraint 
you  use  in  order  to  limit  to  5%  the  gap  between  each 
satellite  propellant  mass  and  their  average  value. 

Is  it  possible  to  minimize  the  maximum  value  of  the 
propellant  masses  instead  of  activating  this  constraint? 

Reply:  The  cost  index  (i.e.,  minimizing  the  maximum 
of  the  propellant  masses)  may  be  considered  as  it 
is  presented  in  the  paper,  and  could  have  been  used 
in  this  case  instead  of  trying  to  minimize  the  criterion 
(sum  of  the  delta  v)  while  activating  the  equivalence 
constraint.  Never  the  less,  the  5%  margin  allows  a 
respective  balance  between  the  three  satellite  masses 
without  making  them  exactly  equal  (which  might  be 
too  strong  a  constraint  in  this  complex  system  where 
the  launcher  ascent  phase  and  three  bi-pulse  maneuvers 
are  simultaneously  optimized). 
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SUMMARY  2.0  BACKGROUND 


The  QuickStar  System  is  not  a  concept — it  is  a  flight-proven 
design.  QuickStar  is  a  small  highly  capable,  low-cost,  light¬ 
weight  spacecraft  using  modem  design  techniques  that  can 
cany  tactical  assets  into  space  at  a  tenth  of  the  cost  of  current 
much  larger  and  more  costly  space  systems.  System  design, 
relevant  technologies,  payload  capabilities  (mass,  power,  data 
rate,  pointing,  volume),  and  tactical  mission  applications  of 
this  light-weight  satellite  are  described.  As  part  of  the  overall 
small  satellite  system  architecture,  a  portable,  low-cost  multi¬ 
purpose  ground  station  to  support  production,  test,  launch, 
and  orbit  operations  of  the  space  segment  is  also  available. 
The  versatility  and  transportability  built  into  the  ground 
station  allows  placement  at  any  government  installation  or 
field  site. 

The  prototype  QuickStar  space  segment  was  developed  to 
ride  as  a  secondary  payload  on  a  McDonnell  Douglas  Della  0 
series  expendable  launch  vehicle  (ELV).  With  the  extra 
performance  provided  by  the  Delta  II  or  other  ELV  of  similar 
configuration,  as  many  as  four  satellites  could  be  orbited  at 
one  time.  In  addition,  the  paper  describes  a  QuickStar 
satellite  configuration,  incorporating  the  same  subsystems 
and  capabilities  as  the  prototype  C^iickStar,  designed  for 
stand-alone  ELV  (Scout  or  Pegasus)  launchings. 

The  program  schedule  for  the  design,  fabrication,  and  test  of 
a  QuickStar  satellite  system  reflects  the  fast-paced 
environment  of  a  low-cost  program.  Minimal  paper  and 
much  concurrent  engineering  goes  into  a  schedule  that 
provides  a  flight-ready  spacecraft  and  supporting  ground 
station  in  only  15  months. 

LQ _ INTRODUCTION 

The  QuickStar  program  represents  a  unique  opportunity  to 
perform  critical  missions  while  using  the  excess  capabilities 
of  upcoming  McDonnell  Douglas  Delta  II  launches. 
(JuickStar,  'The  Complete  System",  provides  a  highly 
capable,  low-cost  spacecraft  incorporating  a  flight-proven 
design  for  fast,  reliable  access  to  space  at  launch  costs  much 
below  the  expected  norm. 

The  (^ickStar  design  presented  in  this  paper  incorporates 
existing  but  advanced  design  concepts  from  a  number  of 
contracted  and  internally  funded  programs  at  Ball  Space 
Systems  Division  (Ball).  In  addition  to  the  QuickStar  space 
vehicle,  this  paper  also  includes  the  development  of  a  ground 
station  to  serve  as  the  primary  command  and  control  center. 


♦Chief  Engineer,  LOSAT-X/QuickStar 
-t-Asst.  Vice  President,  Business  Development 


Small,  smart  systems  can  revolutionize  the  way  gov«nment 
and  commercial  interests  implement  research,  strategic,  and 
even  tactical  space  systems.  To  date,  the  implemenution  of 
such  systems  has  bew  inhibited  by  the  widely  held 
perception  that  small  systems  are  not  likely  to  be  useful, 
reliable,  or  cost-effective.  This  negative  perception  about 
small  systems  can  only  be  corrected  by  a  systematic  approach 
which  addresses  specific  concerns  and  promotes  mission 
utility.  To  achieve  this  end.  Ball  Aerospace  in  1988  initialed 
an  internally  funded  effort  called  TECHSTARS.  The 
objective  of  the  TECHSTARS  program  was  to  examine  the 
system  architectures  associated  with  small  systems  and  to 
incorporate  the  advanced  technologies  required  for  the  1990s 
to  pioduce  light-weight  spiace  systems  that  are  highly  capable 
and  yet  can  be  produced  at  low  cost 

(^ckStar  is  a  program  that  uses  the  approach  and  knowledge 
gained  from  the  TECHSTARS  effort. 

ifl _ DBSIGIH.AEE&QACH 

The  QuickStar  design  is  a  derivative  of  the  U.  S. 
Government-funded  prototype  spacecraft.  LOSAT-X. 

Figure  3-1  is  a  picture  of  LOSAT-X  in  the  clean  room  at  Ball 
just  prior  to  shipment  to  Cape  Canaveral  Air  Force  Station 
Delta  Launch  Complex  17.  LOSAT-X  was  the  result  of  a 
government  push  to  develop,  test,  launch,  and  operate  small 
spacecraft  and  complementary  sensor  technologies. 

Designed  by  Ball  Aerospace,  the  LOSAT-X  spacecraft 
included  an  integrated  avionics  suite  built  around  two  80CS6 
processors,  a  0.25-Gbit  mass  memory.  Ball -developed 
reaction  wheek,  and  a  new  wide  field-of-view  (WFOV)  star 
camera.  Design  drivers  dictated  that  this  complicated 
spacecraft  fit  within  a  very  small  envelope  on  a  McDonnell 
Douglas  Delta  II  rocket  as  a  secondary  payload  and  still  be 
sophisticated  enough  to  accomplish  mission  science 
objectives. 


Figure  3-1  The  LOSAT-X  spacecrafl 


4.0  LAUNCH  SYSTEM  OVERVIEW 

As  with  the  case  of  LOSAT-X.  QuickStar  is  launched  as  a 
secondary  payload  on  a  Delta  II.  The  secondary  payload 
concept  is  shown  in  Figure  4-1.  The  QuickStar  spacecraft  is 
attached  to  the  Delta  second  stage  through  a  payload  adapter 
system  positioned  between  the  second  stage  guidance  section 
and  the  vehicle  fairing,  well  outside  and  below  the  primary 
payload  envelope.  Depending  on  the  excess  launch 
capability  of  the  particular  Delta  II  launch,  up  to  four 
QuickStars  could  be  carried  into  space  on  a  single  launch. 

The  merit  of  not  requiring  a  dedicated  launch  substantially 
icduccs  launch  coals  and  provides  iiiuic  launch  oppuriutuilc. 
to  the  user.  However,  if  required.  QuickStar  is  easily 
adaptable  to  other  launch  vehicles  because  of  its  small  sire 
and  light  weight. 

5.0  SPACECRAFl  SYSTEM 

QuickStar  is  a  free-flyer.  Design  life  is  six  mondis  with  a  gcal 
of  up  to  one  year.  QuickStar  is  a  small  highly  capable,  low- 
cost,  light-weight  satellite  system  using  modem  design 
techniques.  The  QuickStar  spacecraft  is  a  3-axis  stabilircd 
vehicle  that  uses  three  reaction  wheel  assemblies,  three 
magnetic  torque  rods,  a  star  tracker,  and  a  a -axis  gyro 
package  to  maintain  attitude  control  and  determination. 
Figure  5-1  is  a  system  concept  summary  and  illustration  of 
the  QuickStar  spacecraft.  The  QuickStar  satellite 
performance  exceeds  typical  small  satellite  capabilities 
(Figure  5-2). 

A  functional  block  diagram  of  the  QuickStar  flight  system 
shown  in  Figure  5-3  illustrates  the  extent  that  the  spacecraft 
is  under  software  control.  Through  the  use  of  an  integrated 
central  processor,  as  compared  to  most  satellite  systems  that 
are  a  combination  of  dedicated  hardware  control  units  and 
software  processors,  QuickStar  is  able  to  improve  reliability 
by  replacing  hardware  with  software  at  the  same  time 
reducing  volume,  power,  and  weight  requirements.  In 
addition,  with  the  integrated  central  processor,  extensive 
testing  of  all  spacecraft  systems  and  control  modes  is  possible 
on  the  ground  providing  the  confidence  that  it  will  funcuon 
the  same  way  on  orbit. 


Spacecraft  equipment  is  mounted  inside  of  the  spacecraft  or 
attached  to  the  exterior  structure  within  the  envelope 
provided  (Figure  4-1).  Equipment  aiuched  to  the  spacecraft 
exterior  includes  three  avionics  modules,  three  solar  anay 
panels,  reaction  wheek,  torque  rods,  two  patch  amenna  sets, 
trickle  charge  and  test  conneccoi?,  and  a  separation 
fitting/coiuiector.  Internal  equipment  includes  a 
communication  transponder,  gyro,  bauery,  and  payload. 
Figures  S-4  and  5-5  illustrate  both  internal  and  external 
component  genera!  arrangements. 

Slructure/Mechanisms  Subsystem 

The  QuickStar  spacecraft  structure  is  approximately  49 
inches  long  by  36  inches  wide  and  12  inches  deep.  The  upper 
deck  doubles  as  solar  panel  substrates  and  is  covered  with 
solar  cells  providing  apj^oximately  12  square  feet  of  solar 
anay  area  on  three  panck.  The  lower  deck  assembly 
provides  mounting  surfaces  for  all  electronics  boxes  and 
pacccraft  components.  The  upper  and  lower  decks  are 
connected  by  four  yoke  assemblies  forming  the  spacecraft 
bus  enclosure. 

A  separation  attach  fitting  is  externally  mounted  on  the  lower 
deck.  The  attach  fitting  mates  with  the  launch  vehicle 
separation  mechanism.  Separation  mechanisms  and  ordnance 
consisting  of  four  arrayed  explosive  boll/spiing  assemblies 
are  provided  on  the  launch  vehicle  side  of  the  separation 
interface. 


The  thermal  subsystem  provides  Uie  capability  to  maintain  all 
spacecraft  components  to  within  prescribed  temperature 
limits.  Thermal  control  is  accomplkhed  by  passive  means 
using  high  cmissivity/low  absorptivity  fmkhes,  and  thermal 
isolating  hardware.  The  spacecraft  design  does  not  require 
the  use  of  multi-layer  iruulation  blankets,  louvers  andfor 
active  heaters.  Telemetry  provides  temperature 
measurements  from  thermistors  located  near  or  on  various 
key  components  and  payload  equipment. 


1  00  Mlnvnim 
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/  P/t  kMarUo* 


McDonnell  OouQlas  Delta  launch  Vehicle  with  GPS  Spaceciatl/QuickSiaf 

Figure  4-1  Integration  of  QuickStar  to  the  Delta  II  Launch  Vehicle 
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GENERAL  ARRANGEMENT 


KEY  FEATURES 

•  Delta  II  compatible 

•  Spacecraft  Mass  ~  1S0.0  Ibm  (68.2  kg) 

•  Payload 

Mass  s  70.0  Ibm  (31 .8  kg) 

Volume  =  1.7  ft’(0.05  m*) 
Extended  Vol.  =  0.8  ft ’(0.02  m^ 

•  3-axis  stabilization 

•  Power 

-  130  W  (average) 

-214  W  (peak) 

•  SGLS  compatible  communication  links 

-  Uplink  1  Kbps 

-  Downlink 

-  Payload;  1.0  Mbps 

-  Spacecraft:  1.6  or  32  Kbps 

-  Encrypted  links,  if  required 

>  Integrated  avionics 

•  Passive  thermal  control 


Figure  5-1  QuickStar  spacecraft  system  concept 


CHARACTERISTIC 

USUAL  SMALLSAT 
LIMITATIONS 

QUICKSTAR 

CAPABILITIES 

COMMENTS 

Prime  structure 

Custom  structure 

Honeycomb  decking/ 
Irusswork  box 

Inexpensive  and  simple 
to  build. 

Pointing/stabilization 

Inertial  spinner  or 
gravity  gradient 

All-pointer  (3-axls) 

Controlled  by  throe 

1  N-m-s  reaction  wheels. 

Pointing  control 

1-3  deg 

0.1  deg 

Attitude  knowledge 

0.25  deg 

<0.1  deg 

Slew  rates 

No  capability 

5  deg/sec  (3-axls) 

10  deg/sec  maximum. 

Peak  Power 

<100  watts 

214  watts 

GaAs  solar  arrays. 

On-board  processing 

SOO  KIPS 

2  MIPS 

80386  processor 

Data  storage 

100  Mbits 

1  -  2.5  Gbits 

Solid  state  memory. 

Downlink  data  rate 

32  Kblts/sec 

1  -  5  Mbits/sec 

All  links  encrypted.  If  req'd. 

Propulsion 

Rarely  considered  or 
available  as  an  option. 

Available. 

AV  3  200-300  ft/sec. 

Figure  5-2  QuickStar  key  subsystem  capabilities 
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Figure  5-3  QuickStar  spacecraft  functional  description 


Figure  5-4  QuickStar  internal  component  general  arrangement 
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Figure  5-5  QuickStar  external  component  general  arrangement 


Electrical  Power  Subsystem 

The  electrical  power  subsystem  provides  electrical  bus  power 
to  energize  spacecraft  loads  in  all  phases  of  the  orbiL  It 
provides  regulated  power  to  the  payload,  power  switching  for 
non-essential  components,  and  undervoltage  and  overcurrent 
protection  for  the  spacecraft  bus.  The  QuickStar  spacecraft 
uses  a  GaAs  solar  array  for  power  collection  and  a  battery  for 
energy  storage.  The  electrical  power  subsystem  consists  of 
three  solar  panels,  a  6  Amp-hour  NiCd  battery  (or  an  optional 
12  Amp-hour  battery),  dc/dc  converters,  charge  control  and 
power  switching  relays.  The  power  subsystem  operates  at  a 
nominal  28  volt  dc.  The  system  is  designed  to  provide  an 
average  of  130  watts  to  the  spacecraft  system  including  a  15- 
watt  reserve. 

Bus  undervoltage  levels  (''yellow''  and  "red")  are  ground 
selectable.  When  bus  voltage  drops  below  the  "yellow",  non- 
essential  components  are  switched  off  including  the  payload, 
mass  memory,  and  spacecraft  transmitter.  The  receiver, 
flight  processor,  gyro,  PDU,  reaction  wheels  and  drivers  are 
maintained  on  the  essential  bus.  In  the  event  of  a  "red" 
undervoltage,  only  the  spacecraft  flight  processor,  power 
distribution  unit,  and  receiver  are  left  powered.  This 
configuration  is  sufficient  to  safe  the  spacecraft  until  a  plan  is 
generated  by  the  satellite  operations  crews  to  analyze  the 
anomaly  and  command  discormected  equipment  back  on. 
Protection  is  also  provided  should  an  overcurrent  condition 
occur.  Components  on  the  non-essential  bus  are  switched  off 
similarly  to  the  bus  undervoltage  situatioa 

Avionics 

The  concept  of  an  integrated  avionics  suite  is  borrowed  from 
current  developments  f«H  fighter  aircraft  where  all  the 
monitoring,  control,  housekeeping,  and  processing  functions 
are  integrated  together,  not  only  for  the  synergistic  effect,  but 
also  to  reduce  cost  and  improve  reliability  and 
maintainability. 


In  keeping  with  the  concept  of  integrated  avionics,  QuickStar 
has  replaced  the  separate  boxes  for  each  major  on  board 
function  (i.e.,  command  and  data  handling,  attitude 
determination  and  control,  and  telemetry,  track,  and  control) 
each  typically  with  its  own  power  supply,  packaging, 
connectors,  and  cable  harness  with  a  80386  central  processor, 
memory,  and  architecture  technologies. 

The  attimde,  telemetry,  and  command  processor  (ACTP)  I/O 
provides  for  32  analog  inputs  and  4  outputs.  32  parallel  inputs 
and  32  outputs,  4  serial  inputs  and  4  outputs,  and  32  relay 
driver  outputs.  The  specif  functions  interface  contains  a 
serial  I/O  DMA  controller,  torque  rod  drivers,  sun  sensor 
preamplifiers,  momentum  wheel  tachometers,  transponder 
interface,  and  real-time  clock  circuits.  The  memory  devices, 
built  with  CMOS  technology,  are  packaged  using  state-of- 
the-art  memory  module  manufacturing  techniques,  mounted 
to  four  printed  circuit  wiring  boards  using  surface  mount 
technologies,  and  architected  into  the  avionics  suite  with 
error  detection  and  correction  circuitry.  The  result  is  a 
processor  box  that  can  recover  from  single  event  upsets 
(SEUs),  is  latchup  free,  and  can  tolerate  high  radiation  levels. 

Command.  Telemetry,  and  Ranging  (C.TAR)  Subsystem 

The  CT&R  subsystem  provides  for  the  communication 
between  the  spacecraft  and  the  ground-based  stations  in 
addition  to  providing  an  interface  with  ail  spacecraft 
subsystems.  Omnidirectional  uplink  capability  is  provided  by 
the  fore  and  aft  L-band  patch  antenna  sets,  a  communications 
transponder,  and  the  spacecraft  altitude,  telemetry  and 
command  pnreessor  (ATCP).  The  command  uplink  rate  is  1 
to  2  Kbps.  Downlink  capability  is  provided  by  the  ATCP, 
data  memory  assembly  (DMA),  transponder,  and  fore  and  aft 
S-band  patch  antennas.  Downlink  rates  include  1  Mbps  for 
the  payload  data  and  real  time  1.6/32  Kbps  for  spacecraft 
health  and  status. 
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A  hardware  command  buffer  in  ihe  ATCP  holds  up  (o  512 
commands  which  arc  cither  executed  immediately  upon 
anivai  from  the  receiver  or  stored  for  delayed  execution  in 
command  stored  memory  fCSM).  Pseudo  random  noise 
(PRN)  ranging  data  is  also  sent  to  the  receiver  via  the  antenna 
and  is  filtered  and  routed  to  the  transmitter  for  turnaround 
transmission  to  the  ground  station  (used  for  range 
determination).  The  receiver  portion  of  the  transponder  is 
always  powcied-on  from  the  spacecraft  essential  bus. 

.Attitude.  Determination  and  Control  Subsystem  (ADACSl 

The  ADACS  provides  attitude  determination  and  control  for 
the  QuickStar  spacecraft.  The  ADACS  consists  of  a  star 
camera,  a  3-axis  gyro  package,  two  sun  sensors,  a  3-axis 
magnetometer,  three  reaction  wheel  assemblies  and  drive 
electronics,  and  three  torque  rods.  Attitude  determination  is 
accomplished  using  inputs  from  a  small,  widc-field-of-view 
(WFOV)  solid-state  star  camera  (via  the  ATCP  and  DMA) 
when  in  the  inertial  pointing  mode  and  the  3 -axis  gyro 
package  during  tracking  operations.  Attitude  control  is 
achieved  using  the  reaction  wheels  while  magnetic  lorquing 
is  used  to  dump  stored  momentum  in  the  w  heels. 

The  WFOV  star  camera  uses  recently  emerging  technologies 
in  WFOV  lenses  and  focal  plane  flattening.  The  result  is  a 
greatly  simplified  and  lower  cost  star  camera.  Using  the 
more  capable  star  camera  in  lieu  of  Earth  and  sun  sensors 
results  in  a  simplified  determination  and  control 

subsystem.  With  the  relatively  simple  charged  coupled 
device  (CCD)  star  camera  along  with  a  complex  software 
program,  die  five  brightest  stars  are  sensed  in  the  field  of- 
view  and  matched  to  an  on-board  star  catalog  to  compute  an 
attitude  solution.  Using  the  new  WFOV  camera,  the  ADACS 
can  provide  attitude  knowledge  to  better  than  0. 1  degrees  in 
all  axes.  In  addition,  its  WFOV  capability  allows  the  on¬ 
board  star  catalog  to  be  under  500  stars,  thus  minimizing  on¬ 
board  storage  and  power  requirements  and  reducing 
processor  loading. 

During  normal  operations.  QuickStar  is  maintained  in  a  Sun 
Point  Mode  in  which  the  solar  panels  arc  positioned  normal 
to  the  sun-line  for  optimum  power  output.  In  this  mode  the 
star  camera  is  used  for  primary  attitude  determination. 

During  certain  predetermined  times,  however,  the  spacecraft 
can  be  commanded  to  one  of  several  pointing  mode  types 
such  as  'Track "  or  "Inertial '.  In  "Track",  the  spacccralt  slews 
so  that  the  -r-X  axis  tracks  a  predetermined  Earth  fixed  or 
orbital  position.  During  this  time  the  star  camera  data  is 
unavailable  so  spacecraft  altitude  is  determined  by  usmg  the 
gyro  as  a  reference.  Altitude  uncertainties  continue  to 
.iccumulate  due  to  gyro  drift  until  the  end  of  the  slew  and  a 
star  camera  update  becomes  available.  The  Track  mode 
operates  with  any  geodetic  location  whether  on  the  face  of  the 
Earth  or  at  orbital  altitude.  In  "Inertial",  the  spacecraft  is 
pointed  along  a  commanded  fixed  inertial  vector.  During  this 
mode,  the  gyro  maintains  zero  body-axis  rates.  After  each 
Track '  or  "Inertial"  maneuver,  QuickStar  is  returned  to  "Sun 
Point". 

Back-up  attitude  determination  is  available  using  a  3-axis 
magnetometer  and  the  two  sun  sensors.  Using  sensed  Earth 
field  line  and  sun  directions,  spaccaaft  body-axis  attitude 
solutions  with  accuracies  on  the  order  of  1  to  2  degrees  are 
available. 


An  optional  element  of  the  QuickStar  system,  based  on 
mission/payload  requirements,  is  a  lightweight  propulsion 
subsystem  designed  to  perform  delta-velocity  maneuvers  to 


effect  cither  orbit  altitude  or  orbit  phasing.  Tlie  design  of  the 
propulsion  system  mcludes  a  5.1-inch  diameter  by  12-inch 
long  propellant  tank  opcraiuig  at  5(X)  psig,  a  5  Ibf  dual  seal 
thruster,  an  electronics  box  containing  valve  drive  amplifier 
circuihy,  and  assorted  fill  values,  pyto  values,  and  plumbing. 
The  propellant  tank  contains  6.6  Ibm  of  hydrazine,  enough 
propellant  to  supply  delta-velocity  capabilities  on  the  order  of 
200  to  300  fcct-per- second.  Total  propulsion  subsystem 
weight  is  approximately  15  pounds  including  0.4  pounds  of 
pressurant.  Tlie  thruster  is  positioned  under  the  center  solar 
array  panel,  canted  so  itie  thrust  vector  passes  through  the 
spacecraft  system  centcr-of-mass. 

The  QuickStar  propulsion  capability  is  operated  in  a  "pulse ' 
mode  such  that  in  between  each  thruster  firing,  enough  lime 
is  provided  for  the  control  system  to  remove  any  off-axis 
disturbances  that  may  have  Nrcn  induced  by  thrust  vector 
misalignments. 

6  0  GROU.ND  SYSTEMS 

As  pan  of  the  overall  small  satellite  system  architecture,  a 
low-cost  multi-purpose  ground  station  to  support  production, 
lest,  launch,  and  orbit  operations  of  QuickStar  has  been 
dcvclojied  Figure  6-1  show-s  die  ground  .station  providing 
indcpcnucnl  data  acquisition  and  mission  control  for  the 
QuickStar  missions.  Tlie  vorsaiiliiy  and  transportability  built 
into  the  ground  station  allows  placement  at  any  government 
installation,  university,  or  contractor  facility.  Command  and 
control  of  the  satellite  and  its  payload  can  be  as  close  as  the 
desk  in  your  office. 


Figure  6-1  QuickStar  operational  ground  station 


The  QuickStar  ground  station  and  independent  payload 
processing  center  provides  support  for  mission  planning, 
command  gencration/upluik.  data  acquisition,  processing,  and 
analysis.  Ground  station  performance  is  summarized  in 
Figure  6-2. 

The  QuickStar  ground  station  consists  of  an  RF  rack  housing 
a  Global  Positioning  System  (GPS)  station  clock,  a  digital 
ranging  receiver,  a  telemetry  demodulator,  bit  synchronizer, 
baseband  assembly  unit,  signal  generator,  and  250-waa 
uplink  power  amplifier.  A  rack  mount  workstation  style  desk 
houses  the  baseband  receiver,  1.0  Mbps  demodulaior/bit- 
synchionizer,  antenna  control  unit,  and  two  redundant  25 
Mhz  80486  microprocessors.  A  roof  mounted  2.9  meter 
antenna  system  includes  the  low  noise  preamplifier  and  RF 
downconvertcr.  Both  the  80486  processors  are  capable  of 
real-time  telemetry  proccssing/display  or  command  and 
equipment  control. 
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*  SGLS  (TOR-Sd)  or  STON  oompanbte 
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•  18.1  dB  (2S0  W  Uplink  Transmiier) 
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Antenna  Syetam 

-  Gain 
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‘  Oownconvener  i/F 
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•  Az  -  0  to  36<r 

•  e-0lo  180* 

•  Accuracy  -  O.S*  to  Track 

Operationa  Intarteoe 
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•  User  Oelifkabie  Tabuiar^Qraphtcs  Display 

-  Tim  Limits  Checks 

•  Data  Base  Oelmabie  Raw  Tim  Limits  C^k 

•  ODarator  Aien  Msg 

•  Provdeo  lor  Limits.  Cmd  6  System  ErroiY 
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-  Primout  Caoatility 
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Figure  6-2  Ground  station  and  control  center 
performance 


Tlffi  complete  workstation  mcoriixirates  acidiUoniU  80486 
microprocessors  and  off-ihe  shelf  equipment  in  a  distributed 
processm !  environment  providing  mission  planning  and  orbit 
determination  support,  as  well  as  off  [me  dau  processing  and 
analysis.  Ground  station  processors  are  networked  via 
Ethernet  links  and  are  separately  connected  to  the  mcoming 
telemetry  data  and  command  lines  via  RS422  high  speed 
serial  interface  boards.  Each  workstation  is  (»ovided  with  a 
prmicr  for  local  control  of  telemetry  snaps,  system  messages, 
and  status  printouts.  All  incommg  telemetry  data  are 
archived  redundantly  on  digital  2.3  Gbyte  8  rnm  tape  drives. 
Telemetry  data  is  first  buffered  in  ground  processor  memory 
and  then  subsequently  stored  off  to  either  disk  or  tape. 

As  backup,  QuickSlar  can  provide  its  ow-n  Mission  Unique 
Equipment  (MUE)  in  the  Consolidated  Space  Test  Center 
(CSTC)  of  the  Air  Force  Satellite  Contro'  Metwork  (AFSCN) 
much  like  Delta  Star  and  LOSAT-X  (F.,;ure  6-3).  Data  from 
the  spacecraft  is  serially  routed  through  the  DS,V1  to  CSTC 
MUE  where  it  is  put  on  tape  (still  encrypted)  and  routed  to 
the  Quick  s  ar  ground  station  for  processing  and  review. 

The  AF'^CN  can  support  QuickSlar  missions  through  the 
Consolidated  Space  Test  Center  tCSTC)  and  its  worldwide 
network  of  Remote  Tracking  Stations  (RTS).  This  has  the 
benefit  of  providing  QuickSlar  missions  w  ith  satellite 
command  and  data  coverage  at  sclccicd  passes  on  a  24-hour 
per  day  basis.  A  9600  bps  modem  interface  provides 
communication  to  and  from  the  mission  unique  equipment 
(MUE)  in  the  CSTC  envnoruncnl  and  also  remote  telemetry 
display  capability  to  other  non-colocaicd  PCs.  The  MUE  and 
software  arc  idenucai  to  the  command  and  control  system 
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Figure  6-3  QuickStar  ground  system  provides  worldwide  AFSCN  SGIS  coverage 
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used  in  the  QuickStar  ground  station.  The  MUE  receives  aJI 
telemetry  data  from  DSM  via  an  RS422  serial  interface.  Di¬ 
bit  commands  are  generated  in  the  MUE  for  throughput  to  the 
RTS  network.  The  overall  MUE  approach  was  selected  to 
preclude  having  to  develop  DSM  related  software,  command, 
and  telemetry  da'.a  bases.  Although,  the  approach  still  allows 
use  of  standard  DSM  services  for  network  control,  data 
interfaces,  tracking,  and  orbit  determination. 

Orbit  determination  is  performed  at  the  QuickStar  ground 
station.  At  the  ground  station,  digital  ranging  data  (without 
range  rate)  is  collected  and  a  single  site  solution  is  generated 
using  the  Microcosm  80386  based  orbit  determination 
system. 

LQ - TACmCAL/PAYLQAD  APPUCATIONS 

Tlie  QuickStar  conTiguradon  is  tailored  for  small  payloads  of 
various  configurations  and  its  subsystems  provide  impressive 
capabilities  to  the  tacdcal  payload  (Figure  7-1).  Although 
(^ickStar  offers  an  optional  propulsion  capability,  the  weight 
of  adding  the  propulsion  system  reduces  the  payload 
capability  by  approximately  15  pounds. 


CHARACTERISTIC 

CHACKSTAR 

CAPABIUTIES 

Pointing  stabilization 

All-pointer  (3-axis) 

Pointing  control 

0.1  deg 

AttKuda  knowledge 

<0.1  deg 

Slew  rates 

5  deg/sec  (3-axis) 

Payload  power 

40  W  (orbH  ave.) 

Payload  data  rata 

4  Mbyte/sec 

Payload  weight 

roibm 

Payload  volume 

1.7  cubic  feet 

Optional  volume 

0.8  cubic  feet 

On-board  processing 

2  MIPS 

Data  storage 

1  Gbit 

Downlink  data  rats 

1  MbIts/sec 

The  QuickStar  payload  cavity  has  a  volume  of  1 .7  cubic  feet. 
The  volume  consists  of  three  nearly  equal  cubes  as  shown  in 
Figure  7-2.  The  bulkheads  forming  the  cubes  can  be 
penetrated  to  form  a  single  volume  to  accommodate  larger 
instruments.  In  addition,  0.8  cubic  feet  of  volume,  located  in 
front  of  the  forward  bulkhead,  is  also  available  for 
instruments  longer  than  the  payload  cavity.  However,  the  use 
of  this  volume  is  contingent  on  the  particular  primary  payload 
being  flown  on  the  Delta  II  and  must  be  negotiated  on  a  case 
by  case  basis. 

The  capability  to  penetrate  the  bulkheads  of  the  payload 
cavity  allows  a  wide  variety  of  instrument  configurations  w 
be  integrated  into  the  QuickStar.  Various  "real"  instrument 
configurations  being  installed  into  the  spacecraft  are  shown  in 
Figure  7-3.  Section  A  of  the  figure  shows  several  small 
instruments  being  integrated  into  the  payload  cavity,  with 
aperture  penetrations  for  each  sensor  through  either  the 
forward  bulkhead  or  through  the  solar  anay  subsuait. 

Section  B  shows  how  the  internal  bulkheads  are  penetrated  to 
accept  a  long,  small  diameter  instrument.  Section  C&D  show 
other  instrument  and  electronic  module  configurations  that 
also  can  be  integrated  into  the  QuickStar. 


Figure  7-1  QuickStar  payload  capabilities 

Small,  smart  systertts  can  contribute  to  many  tactical  support 
missions  in  ways  that  arc  only  beguuting  ur  be  understood. 
Before  these  systems  can  become  an  inutgral  part  of  the  force 
structure,  convincing  mission  analyses  and  utdity  assessment 
must  be  performed.  A  number  of  potential  tactical 
applications  for  a  small,  smart  space  system  are  identified 
such  as  Earth  observations/remote  sensing,  surveillance, 
communications,  and  uschnology  demonstrations. 

Battlefield  Surveillance 

Tactical  commanders  need  to  reliably  and  accurately  detect, 
characuirue,  and  target  enemy  forces.  Advancing  armor, 
surface-to-air  (SAM)  siuts,  airfields,  supply  depots, 
headquarters  units,  etc.,  all  need  to  be  located  and  delt  with. 

A  wide  vancty  of  batllcficld  conditions  need  to  be  monitored. 


Figure  7-2  QuickStar  payload  volume 


Figure  7-3  Four  possible  payloads  that  are  compatible  with  QuickStar 


Figure  7-4  depicts  a  smali.  smart  space  system  carrying  an 
eiectro-opticai  sensor.  Reasonable  size  sensors  at  altitudes  of 
300  to  500  km  can  sweep  selected  regions  of  a  battlefield 
with  ground  resolution  of  between  1.5  to  3.0  meters 
depending  upon  altitude  and  viewing  geometry,  sensor 
performance,  size  of  the  focal  plane  array,  etc.  Multi- 
spectral  arxl  day/night  capabilities  are  also  possible.  A  wide 
variety  of  targets  can  be  detected,  recogniz^  and  even 
identified.  Multi-spectral  capabilities  offer  the  potential  for 
detecting  camouflage,  concealment,  and  deception  usage  by 
the  enemy.  Photon  counting  focal  plane  technologies  can 
deny  night-time  cover.  Direct  wide-band  data  links  to  tactical 
vans  can  provide  essentially  real-time  imagery  for  target 
identification  and  selection.  Needless  to  say  that  while  the 
scenario  depicted  in  Figure  7-4  reflects  a  ground  battle,  many 
other  scenarios  are  possible.  As  a  directed  search  system,  it 
can  monitor  harbors,  naval  bases,  airfield,  trainyards,  and 
factories — again  both  day  and  night 

The  capability  to  view  a  single  site  with  a  single  satellite 
should  not  be  the  criteria  upon  which  a  space  system  should 
be  judged.  Viewed  within  the  content  of  broad  area 
surveillance  in  a  90-day  war,  the  system  could  provide  the 
information  on  thousands  of  sorties.  A  small,  affordable 
space  system  would  be  both  highly  mission  and  cost 
effective.  This  is  doubly  true  if  combined  with  other  tactical 
support  missions  such  as  tactical  and  weather  monitoring. 


Tactical  Siena!  Collection 

Battlefield  RF  signal  collection  is  similar  to  baulcfield 
electro-optical  surveillance;  the  payoff  to  the  tactical 
commander  is  very  high.  Although  the  tactical  commander 
has  organic  signal  collection  assets,  they  must  normally  be 
put  at  risk  to  be  used  and  they  suffer  fiom  range  limitations. 

A  space-borne  directed  search  capability  under  the  control  of 
the  tactical  commander  would  complement  the  ground,  sea. 
or  airborne  assets. 

A  typical  mission  scenario  is  shown  in  Figure  7-S.  Consider 
the  need  for  a  strike  against  a  deep  airfield  or  supply  area; 
space-borne  assets  can  contribute.  Small  highly-capablc 
spacecraft  with  high  gain,  narrow  bcamwidth  antennas  can  be 
directed  by  the  tactical  commander  to  scan  the  desired  areas 
slowly,  dwelling  on  detected  emitters  if  necessary.  During 
the  pass,  the  space -borne  assets  can  view  the  desired  areas  for 
several  angles  and  for  periods  up  to  10  to  15  minutes. 
Detected  signals  could  be  processed  on-board  and  relayed 
directly  to  the  tactical  users.  Stored  command  and  data 
capabilities  would  allow  over-the-horizon  operations. 

Gap-Filling.  Reconstitution,  and  Snecial  Communication 

FLTSATCOM,  DSCS  III.  and  the  future  MILSTAR  and  UHF 
Follow-On  Programs  arc  capable,  long-lived  systems. 
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Figure  7-4  Electro-optical  battlefield  surveillance 


MISSION 

*  Detect  identify,  geo-iocatlon  tactical  emmUers 

S.gNg£PT 

'  Sn^li  satellite  with  high  gain  steerable  antenna 
~  Stare  and  slow  scan 
-  Sidelobe  mtercept 

*  Tactical  user  tasking  control 

*  On-board  signal  processing 

*  Direct  down-link 

*  On-board  storage  for  over  the  horizon  operations 


Figure  7-5  Tactical  signit 
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Should  any  UHF.  SHF.  or  EHF  satellite  be  lost  due  to  launch 
or  on-orbit  failure,  the  nation's  ability  to  replace  them  quickly 
is  severely  Umited.  In  short,  we  have  essenually  no 
capability  to  augment.  gap-filL  or  reconstitute  our  military 
communications  capability. 

Modest  communication  capabilities  at  UHF.  SHF.  and  EHF 
can  all  be  implemented  on  QuickStar/Pegasus/Scout  class 
spacecraft  (ref.  Figure  9-1).  These  spacecraft  can  be 
launched  by  Pegasus  or  Scout  boosters.  With  high 
performance  orbital  transfer  systems  they  can  achieve 
Molniya  and  Ceo-synchrotMus  orbits  (Figure  7-6).  Payloads 
with  anterma/transponder  weights  of  60  to  200  lb  are 
possible.  Continuous  electrical  power  of  40  to  100  W  to  the 
communications  payload  is  available. 


MISSION 


•  Augment,  gap-fill,  back-up 
DSCS  or  MILSTAR 

CONCEPT 

'  Small,  limited  channel 
satellites  launched  on-demand 

•  GEO-synchronous  and  Molniya 
orbit  options 

•  Compatible  (transparent)  to 
existing  ground  terminals 

•  90  to  180  days  autonomous 
operation 

‘  Small  ground  control  vans 

TS.2.9 

Figure  7-6  UHFISHF/EHF  communications 

Reconstitutable  Weather  Siinnon 

The  Joint  Chiefs  of  Staff  have  defined  needed  meteorological 
support  in  terms  of  a  number  of  critical  issues: 

•  Timeliness:  Delivery  time  from  observation  to  user 

•  Refresh:  Interval  between  observations  of  a  given  area 

•  Ocean  fronts:  Improved  observations  of  fronts  and 
eddies 

•  Cloud  type:  Distinguish  cloud  types 

The  current  Defense  Meteorological  Support  Program 
(DMSP)  provides  the  primary  weather  support  to  the  DOD. 

It  is  a  capable  system  with  direct  downlinks  to  selected 
tactical  users.  However,  since  only  two  spacecraft  are 


maintained  on  orbit.  JCS  guidelines  for  timeliness  and  refresh 
are  not  being  sausfied.  Also,  die  DMSP  sensors  are  not 
adequate  to  support  the  ocean  front  observauon  requirements. 
The  Navy  currently  relies  upon  a  five-band  Advanced  Very 
High  Resolution  Radiometer  (AVHRR)  on  NOAA's  TIROS 
satellites.  This  data  is  key  to  many  naval  operations 
including  anti-submarine  warfare  (ASW).  The  TIROS  data  is 
unencrypted  and  used  by  the  Soviets;  in  time  of  conflict  it 
will  most  likely  be  turned  off.  Finally,  as  a  low  altitude 
satellite.  DMSP  is  subject  to  conventional  laser,  and  nuclear 
ASAT  attack.  It  is  not  rapidly  reconstitutable.  Its  loss  would 
severely  impact  the  war  fighting  capabilities  of  nearly  all 
uciical  commanders. 

Essential  meteorological  data  car.  be  obtained  by  a  single 
instrument,  specifically  the  five -band  AVHRR.  It  is  a 
relatively  small  instrument  weighing  approximately  75 
pounds.  It  can  be  easily  carried  by  small  spacecraft  and 
provide  direct  downlinks  to  tactical  users.  The  concept  is  to 
add  small  satellites  to  the  DMSP  constellation  improving  the 
systems  timeliness  and  refresh  capabilitie;.  These  satellites 
would  mimic  the  DMSP  downlink  thus  ensuring 
interoperability  with  existing  ground  and  sea-based  receiving 
stations.  Information  vital  to  naval  operations  would  be 
provided  by  military  spacccTalf  with  encrypted  downlinks. 
Rapid  reconstituuon  by  small  booster  is  both  feasible  and 
affordable. 

Research  and  Devclonmcni  Support 

Oiganiralions  that  need  to  lest  experunents  or  prototype 
systems  m  orbit  are  faced  with  a  problem.  Either  they  can 
(xocurc  small  saielliuts  with  limited  capabilities  for  several 
million  dollars  or  they  must  group  missions  together  to  be 
able  to  afford  larger  and  much  more  costly  spacecraft  Either 
a  user  paid  S2M  for  an  inaiJcquatc  spaccaaft  or  S40M  for  a 
complex,  long  lead-time  spacecraft.  The  lack  of  an 
affordable  middle  ground  has  inhibited  the  use  of  space  by 
the  research  and  development  (R&D)  community. 

QuickStar  provides  a  low  cost  R&D  platform  that  can 
accommodate  a  wide  range  of  payload  configuration,  orbits, 
altitude  stabilization  rcgoucmcnis.  power  levels,  and 
communication  links.  Much  improved  capabilities  over 
cunent  systems  arc  possible  using  today’s  technologies. 

8.0  FUGHT  HISTORY 

On  July  3.  1991.  the  prototype  to  QuickStar  was  successfully 
launched  into  low  Earth  orbit  as  a  secondary  payload  aboard 
a  McDoimell  Douglas  Delta  11  7925  launch  vehicle.  The 
primary  payload  aboard  the  Delta  II  was  the  Air  Force  GPS- 
1 1  spacecraft.  To  minimize  risk  to  the  primary  payload,  the 
QuickStar  jjrotoiypc  was  completely  inert  (powered  down)  at 
liftoff,  placed  into  orbit  by  the  second  stage  and  activated  at 
separation,  well  after  the  GPS  vehicle  had  been  deployed. 

At  separation  from  the  Delta,  the  QuickStar  prototype 
powered-up  ail  subsystems  and  payload,  nulled  body-axes 
rales,  maneuvered  to  the  required  attitude,  and  approximately 
34  minutes  later  performed  a  crucial  element  of  the  mission. 
Accomplishment  of  a  mission  event  so  soon  after  spacecraft 
separation  represents  atypical  early  orbit  operation  since  most 
spacecraft  require  lengthy  checkout  periods  before  attempting 
any  type  of  payload  operations. 

The  low-cost  SOLS  compatible  ground  station  and  CSTC 
mission  unique  equipment  operated  as  designed.  The 
Boulder  site  supported  5  passes  per  day  in  addition  to  all 
engineering  data  analysis,  mission  planning  and  command 
generation. 


The  QuickStar  system  is  also  compatible  with  other  small 
launch  systems.  Figure  9-1  illustrates  a  reconfigured 
QuickStar  spacecraft  bus  suitable  for  launching  on  the  Scout 
or  Pegasus  launch  vehicles.  The  new  spacecraft  bus 
configurations  contain  the  same  (JuickStar  flight-proven 
system  elements  referred  to  earlier  in  the  paper.  The  Scout 
bus  configuration  is  sized  for  multiple  launchings:  two  copies 
of  the  new  configuration  with  modest  payloads  fit  within 
cither  the  Pegasus  or  Scout  fairings  and  are  within  their 
payload-to-orbit  capabilities. 


QUICKSTAR 


Spacecraft  Family 
Carrying  Typical 
Payload 


The  QuickStar  is  not  a  concept — it  is  a  flight-proven 
spacecraft  design.  The  spacecraft  and  supporting  subsystems 
including  ground  station  can  be  delivered  to  a  user  within  15 
to  18  months  depending  on  user  required  modifications  and 
payload  interface  complexities.  The  program  schedule 
(Figure  10-1)  for  the  design,  fabrication,  and  test  of  the 
QuickStar  satellite  system  reflects  the  fast  paced  environment 
of  a  low-cost  program.  Subsequent  spacecraft  could  be 
delivered  in  4  to  12  months  if  key  componcnt/subsystem 
purchases  are  initiated  d"ring  the  prtxairemem  of  the  first 
spacecraft. 


SCOUT  CLASS  PEGASUS  CLASS 


Solar  array 

Daaign  lifa/goal  (months) 
Stabilization 
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Figure  9-1  A  family  of  Smallsat  buses  using  QuickStar  subsystems 


Months  ARO 


Major  Milestones 


Program  Planning  System  Engineering  Definition 


Subsystom/Component  Preliminary  Design 


Detail  Design 


Procurement 


Fabrication 


Component  Test 


Bus  Structure  Assembly 


Component/Subsystem  Integration  and  Test 


Experiment  Integration  and  Test 


Space  Vehicle  Test 


Ship 


Figure  lO-l  A  fifteen  month  QuickStar  satellite  system  program  schedule 
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1.  INTRODUCTION 

The  technical  performance  specifications  and 
requirements  for  .Attitude-  and  Orbit  Control 
Subsystems  (AOCS)  for  satellites  are  dictated  by  a 
large  number  of  boundary  conditions: 

-  The  payload  requirements  (e.g.  pointing  accura¬ 
cy,  LOS-stability) 

-  The  perturbation  environment,  both  c-xternai 
and  internal,  i.e.; 

•  Gravitational-,  .solar  pressure-,  air  drag-,  ma¬ 
gnetic  disturbance  torques 

•  Reaction  jets,  wheel  wobble,  payload  opera¬ 
tion 

-  Ease  of  operability  (command  structure  and  se¬ 
quences) 

-  Onboard  autonomy  (command-,  data  and  com¬ 
munication  links) 

•  Operational  life  time  /  reliability 

-  Maintainability,  storabilty  and  so  on 

For  the  class  of  spacecraft  under  discussion  here, 
mass  limitations,  which  will  not  allow  major  orbit 
changes,  and  the  different  types  of  payloads  for 
surveillance,  verification  and  C31  as  well  as  strate¬ 
gic  aspects  call  for  extremely  high  flc.xibiiity  of  the 
AOCS-concept  to  enable: 

-  "Last  minute  "  selection  of  the  operational  or¬ 
bits  according  to  the  actual  need 

-  Adaptation  to  the  requirements  of  different 
types  of  payloads  (passive:  Optical,  infrared; 
active:  |j.-wave) 

-  Compatibility  with  a  large  dynamic  range  of 
plant  parameters  (e.g,  large  /  small  solar  arrays 

and  structural  flexibility  depending  on  electrical 
power  requirement) 


Modularity  of  the  AOCS  in  terms  of  type  and  ar¬ 
rangement  of  equipment  f sensors,  actuators), 
control  laws  and  operational  sequences  (OBC-capa- 
ciiy  and  aigorkhmsi  therefore  has  to  be  a  predo¬ 
minant  feature.  It  is  c-xpected  that  the  flexibility  for 
adaptation  ;o  speckle  mission  requirements  and  the 
modularity  of  the  AOC  subsystem  envisaged  will 
contribute  to  a  low  cost  but  still  highly  efficient 
tactical  satellite  system. 

On  the  basis  of  experience  in  Attitude-  and  Orbit 
Control  System  design,  analysis,  acceptance  testing, 
and  in-orbit  ooerations  support  for  communication 
satellites  (INTELSAT  V.  TV-SATTDF,  TELE-X. 
DFS-KOPERNIKUS.  EUTELSAT II),  earth  obser¬ 
vation  satellites  (.MOS-1.  ATMOS),  and  scientific 
satellites  (ROSAT.  EURECA.  ASTRO-SPAS), 
suitable  AOCS-concepls  are  discussed  in  the  paper. 

:.  REQUIREMENTS  AND  CONSTRAINTS 

In  addition  to  services  already  generally  available, 
tactical  satellites  of  the  type  in  question  here  are 
supposed  to  provide  on  short  notice  and  particular 
request  improved  and  efficient  services  in  at  least 
one,  preferrabiy  several  of  the  following  five  mis¬ 
sion  areas: 

■  communications,  e.g.  from,  to  and  between 
mobile  units  on  ground  or  between  satellites 
weather,  i.e.  detailed  actual  weather  conditions 
and  prediction  in  definite  local  areas 
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-  missile  warning,  e.g.  against  tactical  ballistic 
missiles,  to  possibly  improve  the  efficiency  of 
defensive  acti'^ns 

-  navigation  to  contribute  to  the  provision  of 
highly  accurate  navigation  data 

-  observation,  surveillance  and  verification,  e.g.  to 
check  disarmament  treaty  violation  or  -  in  a 
battle  field  scenario  -  to  monitor  force  deploy¬ 
ments  and  to  provide  target  recognition,  theater 
targeting  and  verification 

.As  a  consequence  of  the  general  mission  objecuves 
outlined  above,  operational  and  performance  re¬ 
quirements.  environmental  conditions  and  con¬ 
straints  are  imposed  on  the  Attitude-  and  Orbit 
Control  System,  which  are  subsequently  outlined  to 
establish  the  general  frame  for  the  .AOCS. 

2.1  Mission  and  Payioud  Requirements 

For  various  reasons  like  launch  cost,  mass  in  orbit, 
image  resolution  or  power  requirements  of  ob.ser- 
'  ation  payloads  the  spacecraft  under  discussion 
will  be  injected  into  relatively  low  earth  orbits 
(about  300  to  1000  km).  In  general  near  polar,  sun- 
synchronous.  cirular  orbits  are  preferred,  which  are 
characterized  by  the  condition  that  the  product  of 
three  orbit  parameters,  i.e.  orbit  semi-major  axis, 
exccntricity,  and  inclination  has  a  specific  numeri¬ 
cal  value,  entraining  the  orbit  node  to  rotate  with 
one  revolution  per  year.  For  optical  observation 
paylaods  "dawn  orbits"  are  particularly  suited.  In 
this  case  the  S/C  will  always  view  the  surface  of  the 
earth  at  any  given  latitude  at  the  same  local  time 
(see  e.g.  ref.  1,  p.  68).  A  graphical  representation 
of  the  orbit  parameters  "inclination  (in  deg.),  the 
"orbit  period'  (in  minutes)  and  the  "S'C  velocitx' 
(in  m/sec)  as  a  function  of  altitude  (^in  kmi  tor 
circular  sun  synchronous  orbits  is  given  in  figs. 
2.1-la  to  2.1-lc  of  Annex  I,  respectively. 

For  such  orbits  the  revisit  period  of  specific  terre¬ 
strial  locations  in  equatorial  regions  or  at  low  earth 
latitude  for  a  single  S/C  may  be  unaccetably  long 
for  tactical  earth  observation  requirements,  where¬ 
as  the  revisit  period  in  mostly  iminterestmg  polar 
regions  in  principle  equals  the  orbit  revolution 
period.  This  situation  can  be  improved  as  follows: 

-  For  observation  of  a  particular  region  on  earth 
the  S/C  is  launched  into  a  dedicated  orbit,  the 
revolution  period  of  which  is  an  mteger  fraction 
of  24  hours.  The  revisit  time  will  then  be  at 
least  once  or  even  several  times  a  day.  For  in¬ 
stance  (ref.  figs.  2.1-la  and  -Ib)  a  satellite  in 


sun-synchronous  orbit  of  (about)  570  km  altitude 
and  97,6  deg  :;  .  lination  will  have  an  orbit  pe¬ 
riod  of  96  mm  and  pass  over  the  same  area 
every  L?'’  revolution.  16  orbits  per  24  h  (orbit 
period  of  90  min)  would  even  allow  to  revisit  the 
same  target  every  12  hours  (in  the  descending 
N/S  and  ascending  S/Tsl  orbit  crossing)  but  requi¬ 
re  an  altitude  of  275  km  (inclination  96.56  deg) 
;md  the  S/C  would  experience  significant  air 
drag  as  will  be  discussed  later  (fig.  2.1-3,  Annex 
!)• 

-  A  number  of  payloads  can  provide  large  ranges 
of  'side  looking  '  capability,  enabling  observation 
of  a  local  area  under  different  aspect  angles  in 
successive  orbits.  Except  when  phased  array 
antennas  are  employed  this  generally  requires 
mechanical  slewing  of  optics,  mirrors  and/or 
rellectors  and  in  turn  mav  given  rise  to  signifi¬ 
cant  internal  torques  and  associated  attitude 
perturbations. 

Selection  of  low  inclination  orbits  instead  ol 
quasi-poiar  orbits  with  inclination  angles  cove¬ 
ring  the  range  of  geographical  latitude  of  parii- 
eular  mterest. 

-  Placing  a  sufficient  number  of  satellites  into 
appropriately  inclined,  mutually  synchronized 
orbit  to  ensure  the  desired  coverage  probability. 

The  relationship  between  the  number  of  satellites 
required  to  ensure  continuous  coverage  from  any 
point  on  the  earth  under  a  local  elevation  angle  of 
at  least  10  deg  as  a  function  of  circular  orbit  altitu¬ 
de  is  shown  in  fig.  2.1-2  (ref.  2  )  of  Annex  1.  Pro¬ 
per  selection  of  orbit  inclination  and  pbasiug  of  the 
orbiting  satellites  is  required.  Particular  examples  of 
Low  Earth  Orbit  (LEO")  Communication  Satellite 
Sy.stems  e.g.  MOTOROLA; IRIDIUM  or  TR'Wf’- 
ODYSSEY  requiring  77, '12  satellites  at  795/10350 
km  altitude  are  schematically  indicated  in  this  figu¬ 
re.  The  number  of  satellites  decreases,  of  course  if 
polar  coverage  is  not  required.  In  any  case  orbit 
inclination  imd  phasing  of  individual  S/C  forming 
part  of  a  satellite  system  have  to  be  retained  or 
respectively  corrected  in  case  of  deviations  from 
nominal  during  operational  life  time. 

For  the  assessment  of  the  amount  (iHp)  of  mono¬ 
propellant  hydrazine  required  to  maintain  a  circular 
orbit  of  given,  relatively  low  altitude,  reference  is 
made  to  fig.  2.1-3  (Annex  1),  where  the  drag  factor 
(f)  per  day  (d)  and  unit  cross-selectional  area  (Q) 
of  the  S,'C  is  plotted.  The  propellant  mass  is  then 
given  by 


ra,  =  f  •  •  d 


When  liquid  bipropellant  engines  providing  higher 
specific  impulse  are  used,  the  propellant  mass  is 
about  15  %  lower.  In  addition  to  altitude  correc¬ 
tions  inclination  corrections  may  have  to  be  perior- 
med.  The  inclination  drift  at  altitudes  between  2S0 
km  and  390  km  amounts  to  about  0.2  deGyvear  and 
requires  approximately  27  nvscc  velocity  increment 
lor  correction. 

22  Spacecraft  Physical  Characteristics 

It  is,  of  course  not  the  objective  of  this  paper  to 
elaborate  on  TACSAT  mechaiucal.  structural, 
power  and  payload  design  features.  In  view  of  the 
fact,  however,  that  the  AOCS  is  the  S,C  ,subsvstem 
with  the  largest  number  tif  functional  and  hardwa¬ 
re  interlaces  with  other  subsystems  as  well  as  ^aiei 
iite  operational  proeedures,  it  is  regarded  necessa- 
r\  to  establish  at  least  a  rough  Irame  ol  the  expec¬ 
ted  S.C  physical  characteristics: 

The  ,S;C  mass  targeted  for  consideration  ;n 
T,-\CS.AT  missions  is  between  20t)  and  ax)  kg 
i.e.  within  the  payload  range  of  dedicated  laun¬ 
chers  like  PEGASUS,  T.XURUS  etc. 

-  Onboard  electrical  power  generation  capabililv 
ot  about  I  kW  i.s  regarded  necessary  to  ,illow 
for 

•  half  orbit  eclip,se  periods  and 

•  operation  of  microwave  payloads  (SAR  ivpi- 
cai  average  power  vV,  peak  power  about 
10  kW/pulse) 

Consequently  a  solar  array  surface  area  of 
about  8  to  10  m‘  will  be  required  corresponding 
to  a  mass  contribution  of  about  16  to  20  kg  if  a 
typical  weight  factor  of  2  kg  ra'  and  use  of  con¬ 
ventional  silicon  solar  cells  are  assumed.  Gaj-\s 
solar  cells  providing  about  .50  '"c  increase  in 
power  output  per  unit  surface  area  will  have  to 
be  e.xcluded  for  cost  reasons. 

.S/C  geometrical  eonfiguraiions  are  generally 
determined  by  the  constraints  imposed  by 

•  the  launcher  cargo  bay  dimensions,  shape 
and  acceleration  load. 

•  the  payload  requirements  (including  power). 
If  the  fundamental  configuration  shall  be  retai¬ 
ned  for  the  different  mission  applications  as 
outlined  under  section  2.  the  geometrical  requi¬ 
rements  associated  with 

•  optical  observation  payloads  i.e.  telescopes 
of  sufficient  focal  length,  operating  in  the 
visible  and  infrared  region,  and  requiring 


cooling  of  the  detector  arrays  (e.g,  liquid 
helium  dewers)  and'or 

•  microwave  payloads  (SAR)  with  large  area 
((i-wavefeed  or  phased  array)  antennas  suffi¬ 
ciently  extended  in  long  track  direction 
are  expected  to  be  the  design  drivers,  Some 
square-shaped,  modular  central  body  truss  struc¬ 
ture  with  triangular,  rectangular  or  hexagonal 
cross'-scctional  area  seems  to  be  prmciply  ade¬ 
quate  and  will  provide  the  necessary  free  surfa¬ 
ces  for  the  housing  the  folded  solar  arrays  and 
ensure  unobstructed  field  of  view  for  attitude 
measurement  sensors  and  free  space  for  attitude 
.ind  orbit  control  reaction  jets. 

Ouitc  a  number  of  existing  desings  (e.g.  LAND- 
S.AT  ()  -  ref.3.  .\1{)S-1.  see  section  3.2)  are 
equipped  xviih  a  single  wing  solar  array  giving 
rise  to  large  (solar)  disturbance  torques  and 
disiurtiance  torque  changes  during  eeiipse  tran¬ 
sitions.  viue  to  the  unsvmmetricai  conliguration, 
I'ri'm  the  ,-\C)CS  point  ol  view  a  svmmetrical 
eonfiguraiion  as  generaiiv  adopted  for  geosyn¬ 
chronous  communication  satellites  is  of  course 
highly  desirable.  In  view  ol  the  required  ile.xibi- 
liiy  for  free  selection  of  the  orbit  inclination 
.lecording  to  the  tactical  requirements  ihe  solar 
array  is  assumed  to  be  orientabie  not  only  as 
usual  around  its  a.\is  of  simraetry'.  but  also  about 
,in  axis  perpendicular  to  the  first  axis  of  rotation. 
Motor  driven  deployment  mechanisms  as  for 
insiance  implemented  in  EUTEL8AT  II  can  be 
easily  modified  to  allow  scrx'o-controlled  articu¬ 
lation  of  the  solar  array  at  the  yoke  junction  to 
enable  orientation  of  the  solar  array  surface  to 
the  sun  for  a  large  range  of  orbit  inclinations. 
Moreover  by  controlling  the  solar  array  rotation 
about  two  axis,  solar  pre.ssurc  torque  compensa¬ 
tion  techniques  can  be  applied  to  improve  attitu¬ 
de  control  pertormance  and  onboard  angular 
momentum  management. 

In  fig.  2.2-Ia  (Annex  1)  such  a  variable  solar  array 
configuration  capability  is  schematically  indicated. 
I'n.svmmctrical  delleciion  of  opposite  .solar  arrays 
w.r.i.  the  sun  direction  will  generate  solar  pressure 
torques  about  an  axis  perpendicular  to  the  sun 
incidence  plane,  counter-rotation  as  shciwn  in  Fig. 
2.2- lb  will  give  rise  to  wind  mill  torques'  acting 
around  the  sun  line. 
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AOCS  Operational  and  Performance  Re¬ 
quirements 

From  the  mission  and  payload  requirements  the 
detailed  functional  and  performance  requirements 
are  derived. 

Typical  attitude  control  accuracy  and  line-of-sight 
stability  requirements  for  the  missions  out-lined  in 
section  2  are  summarized  in  table  2.3-1. 
Furthermore  AOCS  related  Data  Management  and 
Control  (DMC)  tasks  have  to  be  performed,  in 
particular: 

-  Surveillance  and  control  of  subsystems  like  ther¬ 
mal-  and  power  monitoring  and  control 

-  Fault  detection,  isolation  and  recovery 

-  Mission-  and  operational  telemetry  and  tele¬ 
command  data  handling 

Operational  tasks  to  be  covered  by  the  AOCS  are 
for  instance 

-  provision  of  complete  onboard  autonomy  durmg 
periods  of  no  ground  station  contact. 

-  orbit  corrections  on  time  tagged  commands. 

-  updating  and  piapagation  of  orbit  model  para¬ 
meters  and  correlation  with  instantaneous  atti¬ 
tude  data. 

3.  ATTITUDE-  AND  ORBIT  CONTROL 
SYSTEM  CONCEPTS 

Subsequendy  the  characteristic  features  of  conven¬ 
tional  AOCS  for  communication-  and  application 
satellites  will  be  outiined.  aitemauve  equipment 
and  concepts  for  attitude  measurement  and  control 
will  be  discussed  and  their  feasibility  for  applica¬ 
tion  in  TACSAT  missions  will  be  assessed. 

3.1  Typical  Conventiunal  AOCS  Characteristics 

AOCS  technology  and  concepts  of  most  S/C  pre¬ 
sently  operational  or  in  production  are  very  simi¬ 
lar.  In  particular  the  three-axis  attitude  stabiliza¬ 
tion  principle  is  generally  applied,  primarily  in  view 
of  the  growth  potential  of  the  onboard  power  sub¬ 
system.  For  ease  of  reference  the  discussion  of 
conventional  AOCS  characterisdes  to  follow  will 
be  based  on  satellite  families,  for  which  the  AOCS 
design  authority  was  with  DAS  A  (Deutsche  Aero- 
Space  AG). 

3.1.1  Commercial  communication  satellites 

Within  more  than  20  years  of  AOCS  design,  manu¬ 
facturing,  qualificadon,  testing  and  early  in-orbit 


operation  support  activities  for  communicadon 
satellites,  extensive  experience  has  been  gained  in 
solving  related  control  dynamics  problems  like 
stabilization  of  structural  flexible  modes,  aedve 
damping  of  undamped  oscilladons  via  inertial  coup¬ 
ling  or  handling  varying  instability  condidons  of 
sloshing  propellant  masses.  In  table  3.1-1  (Annex  2) 
a  review  of  the  S/C  under  discussion  here,  24  of 
which  are  presendy  operadonal  is  given  together 
with  their  launch  dates.  Table  3.1-2  (Armex  2) 
summarizes  their  specified  AOCS  performance 
figures  and  essendal  characterisdes  of  the  control 
concepts. 

-  The  3-axis  stabilizadon  technology  for  commer¬ 
cial  geosynchronous  communication  satellites 
using  the  bias  momentum  principle  was  first 
established  with  the  French-German  experimen¬ 
tal  technology  satellites  SYMPHONIE.  Both 
llighi  models  operated  successfully  for  more 
than  5  years.  The  .S/C  was  spin  stabilized  in 
transfer  orbit  and  during  (liquid  bipropellant) 
apogee  boost  and  despun  by  yo-yo.  Normal 
.Mode  (NM)  attitude  stabilizadon  in  GSO  was 
performed  with  onboard  closed  loop  pitch  con¬ 
trol  usmg  Infrared  Earth  Sensor  (IRS)  and  fixed 
momentum  wheel  (FMWi,  roll/yaw  corrections 
by  cthruster  pulses  commanded  from  ground. 
Closed  loop  attitude  control  during  orbit  correc¬ 
tions  was  based  on  sun  and  (IR-)  earth  refe¬ 
rence  and  moduladon  of  10  N  liquid  bipropel¬ 
lant  thrusters. 

-  The  series  of  L5  INTELSAT  V  S/C,  developed, 
manufactured  and  launched  in  the  period  from 
1976  to  Jan.  89  was  also  spin  stabilized  in  trans¬ 
fer  orbit  and  during  (solid  propellant)  apogee 
boost.  Roll/yaw  NM  control  is  based  on  IRS 
(roll-)  reference  and  the  WHECON  principle, 
using  monopropellant  hydrazine  thrusters.  Atti¬ 
tude  control  during  orbit  corrections  was  perfor¬ 
med  as  established  in  SYIVIPHONIE  with  sun- 
and  earth  reference  and  thruster  modulation. 
Two  S/C  were  lost  due  to  launch  vehicle  failures, 
all  others  are  still  operational,  partly  already 
exceeding  their  design  life  (7  years)  by  a  factor 
of  2.  Dedicated,  automatic  sun  acquisition  and 
safety  modes  and  concepts  for  stabilizing  solar 
panel  structural  flexibility  effects  have  been 
developed. 

-  A  significant  progress  in  AOCS  technology  has 
been  made  during  development  of  the  direct 
television  and  broadcasting  satellites  TV-SAT/- 
TDF  and  TELE-X.  Apart  from  new  designs  of 
attitude  measurement  equipment  (sun-,  earth 
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sensors,  gyros)  incorporated  in  the  AOCS,  the 
3-axis  stabilization  technology  for  transfer  orbit 
operations  and  during  (repeated)  apogee  boost 
maneuvers  has  been  established,  using  for  the 
fu-st  time  a  unified  liquid  bipropellant  propul¬ 
sion  system  for  attitude  control,  orbit  control 
and  Apogee  Boost  Maneuver  (ABM).  Further¬ 
more  these  S/C  are  equipped  with  a  coarse 
body  control  and  an  additional  anteima  fine 
pointing  system  based  on  RF-sensing  and  con¬ 
trol  of  the  TX-antenna  beam  orientation  w.r.t. 
a  ground  beacon  to  an  accuracy  better  than 
0.025  deg  each  axis.  Special  reacquisition  con¬ 
cepts  in  case  of  attitude  loss  or  battery  failure 
(recovery  after  eclipse)  have  been  incorporated. 
All  attitude  measurement,  data  updating,  for¬ 
matting,  monitoring,  mode  sequencing  and 
control  functions,  except  antenna  (structural 
flexibility)  stabilization  have  been  implemented 
in  a  central,  digital,  internallv  redundant  onbo- 
ardcomputcr.  TV-SAT  FMl  had  to  be  deor- 
bited  because  one  solar  array  wing  failed  to 
deploy  in  GSO  and  simultaneously  blocked  de¬ 
ployment  of  an  antenna  reflector.  The  robust¬ 
ness  of  the  AOCS  design  operating  then  under 
most  abnormal  conditions,  was,  however,  un¬ 
intentionally  demonstrated,  as  well  as  its  flexibi¬ 
lity  offered  by  in-orbit  reprogramming  of  the 
■aboard  cempater.  when  for  different  attempts 
of  rescue  maneuvers,  additional  control  modes 
and  sequences  have  been  implemented, 

DFS-KOPERNIKUS  a  smaller  class  S/C  family 
of  different  geometrical  configuration  ( "rabbit- 
ear'  antenna  arrangement,  liquid  bipropellant 
tanks  in  ABM  direction)  is  3-axis  stabilized  in 
TO  and  GSO,  the  solar  arrays  being  fully  de¬ 
ployed  already  in  transfer  orbit  and  during 
(repeated)  liquid  bipropellant  Apogee  Boost 
Maneuvers.  For  this  operational  mode  the 
AOCS  design  has  to  cope  with  panel  oscilla¬ 
tions  and  propellant  sloshing  phenomena  in 
overlapping  frequency  bands,  the  sloshing  dyna¬ 
mics  experiencmg  pole-zero  inversion  during 
the  maneuver.  Concepts  and  provisions  for  in 
orbit  gyro  calibration  have  been  incorporated  to 
also  ensure  compatibility  with  midnight  launch 
conditions. 

As  compared  to  the  previous  communication 
satellite  in  the  EUTELSAT  U  AOCS  the  follo¬ 
wing  innovations  have  been  incorporated; 

•  The  capability  to  acquire  the  earth  any  time 
of  the  day 


•  A  S/W  safe  mode  for  minimization  of  outage 
duration  in  GSO 

•  An  optimum  Nutation  and  Angular  Momen¬ 
tum  Control  concept  to  ensure  higher  yaw  ac¬ 
curacy  (as  compared  to  WHECON)  in  pre¬ 
sence  of  high  disturbance  torques  (NM  roll/- 
yaw  control) 

•  The  capability  to  perform  orbit  corrections 
with  yaw  reference  from  gyro,  i.e.  any  time 
per  day  (also  in  colineariry  regions) 

•  High  pomting  accuracy  during  station  kee¬ 
ping  maneuver  (SKM)  transients 
In-flight  recording  of  the  thruster  firing 
history  for  propellant  budget  monitoring 

3.1J  £^/r/i  obsenation  and  scientific  application 
satellites 

World  wide  a  large  variety  oi  low  earth  orbit  satel¬ 
lites  for  ail  types  of  terrestnai  and  environmental 
observation  as  well  as  scientific  and  research  pur¬ 
poses  have  been  designed,  developed  and  launched 
within  the  national  programs  of  the  respective 
countries  or  by  international  agencies  (e.g.  LAND- 
SAT.  SEASAT.  SPOT,  ERS  etc.).  They  are  equip¬ 
ped  with  dedicated,  optical,  infrared,  multispectral 
or  microwave  payloads,  their  AOC  being  tailored 
for  the  individual  requirements.  Subsequently  a 
short  review  of  the  typical  AOCS  characteristics  of 
this  type  of  S/C  will  be  given  on  the  basis  of  satelli¬ 
te  examples,  the  attitude  and  orbit  control  subsy¬ 
stems  of  which  have  been  developed  under  DASA 
responsibility. 

Table  3.1-3  gives  a  review  of  these  satellites,  their 
development  period  and  launch  schedule.  Table 
3.1-4  summarizes  their  attitude  control  concepts 
and  performances  characteristics 

-  The  AOCS  for  MOS-1,  the  first  Japanese  .Mari¬ 
ne  Observation  Satellite  was  designed  and  deve¬ 
loped  up  to  and  including  the  level  of  develop¬ 
ment  model  hardware  implementation  and  clo¬ 
sed  loop  subsystem  functional-  and  performance 
testing  m  a  joint  Germam/ Japanese  development 
and  training  program.  Engineering-  and  flight 
model  manufacturing  and  acceptance  testing  has 
then  been  performed  under  responsibility  of 
Mitsubishi  Electric  Cooperation.  The  S/C  were 
launched  into  about  900  km  circular  sun  syn¬ 
chronous  orbits.  Orbit  correction  capability  (and 
back-up  wheel  unloading)  is  provided  by  a  set  of 
hydrazine  thrusters.  Normal  mode  control  is 
performed  by  two  momentum  wheels  in  V-confi- 


guration.  Wheel  desaturation  is  nominally  per¬ 
formed  using  magnetic  torquers  in  quarter  orbit 
cycling. 

ROSAT,  developed  within  a  German,  UK.  US 
scientific  satellite  program  operates  in  a  570  km 
circular  orbit,  inclined  by  53°  w  r.t  the  equatori¬ 
al  plane.  .Attitude  reference  is  established  by 
high  precision  star  sensors  and  a  set  of  4  inte¬ 
grating  gyros  (one  skewed).  A  coarse  sun  sen¬ 
sor  assembly  with  4ir  FOV  providing  two  axis 
attitude  reference  is  used  for  initial  and  emer¬ 
gency  sun  acquisition.  For  the  scientific  mission 
two  operational  modes  are  foreseen: 

•  In  scanmode  the  S/C  rotates  about  the  sun 
line  and  the  telescope  mounted  perpendicu¬ 
lar  to  the  axis  of  rotation  performs  within  o 
months  a  complete  sky  survey  for  detection 
of  new  X-ray  sources 

•  In  pointmg  mode  the  telescope  is  rotated  to 
directions  selected  by  the  groundstation  tor 
dedicated  source  observation 

In  both  modes  of  operation  inertial  attitude 
reference  is  derived  from  star  sensor  measure¬ 
ments  and  star  identifications  with  an  onboard 
stored  star  catalogue.  A  set  of  4  reaction  wheels 
in  skewed  arrangement  generates  the  necessary' 
control  torques.  A  three  axis  magnetometer  and 
3  magnetic  torquers  are  used  respectively  for 
deternunation  of  the  earth  magnetic  field  vector 
and  wheel  unloading.  Due  to  equipment  failures 
emergency  strategies  for  attitude  generation 
from  magnetometer  measurements  and  .in 
earth  magnetic  field  model  onboard  of  the  S  C 
had  to  be  developed  and  implemented. 
EURECA,  the  EUropean  REtrievable  C.Arrter. 
developed  by  DASA  under  ESA  contract,  shall 
be  the  platform  for  5  different  scientific  mis¬ 
sions.  where  the  first  mission  (launch  and  re¬ 
turn  by  shuttle)  performs  experiments  under  u-g 
conditions.  The  AOCS  (a  cooperation  between 
DASA.  MATRA,  GALILEO.  LABEN)  is  able 
to  perform  orbit  change  maneuvers  (boost-up, 
boost-down,  inclination  correction)  sun  and 
earth  acquisitions  with  a  hydrazme  thruster 
system  and  is  sun  oriented  in  normal  operation 
with  a  low  level  cold  gas  system  supported  by 
magnetic  torquers. 

ASTRO-SPAS  is  a  reusable  satellite  platform 
built  by  DASA  under  DARA  contract,  which 
shall  fly  once  per  year,  beginning  in  1993.  It  will 
be  launched  with  the  US  Space  Shuttle,  set  free 
in  orbit  and  also  berthed  from  the  same  shuttle. 
Its  ACS  is  equipped  with  a  rate  integrating  gyro 


package,  a  high  precision  star  sensor,  a  GPS 
receiver  and  a  set  of  cold  gas  thrusters.  Similiar 
to  the  ROSAT  mission  two  principle  modes  of 
operation  can  be  performed; 

•  In  pointing  mode  the  telescope  is  oriented 
into  ground  selected  orientations 

•  In  scanmode  earth  atmosphere  observations 
are  performed  where  the  earth  reference 
information  frame  is  obtained  from  the  GPS 
receiver. 

.As  in  ROSAT.  in  both  modes  inertial  attitude  is 
obtained  from  star  sensor  measurements  and 
star  catalogues. 

3Jt  AOCS  Alternatives.  Trade-olTs  and  Trends 

When  discussina  .\t)CS  aUernauves  for  TACSAT 
.ippiicaiions.  (be  aspects  associated  with  attitude 
ri’ierence  ueneraiion.  lorce-  .ind  torque  generation 
-inu  aiiuudc  control  concepts  including  the  related 
equipment  and  sotiwarc  have  to  be  adressed. 

3— .1  Attmide  reference  generanon  equipment 

The  general  request  for  low  cost  solutions  implies 
that  altitude  measurement  equipment  should  be 
used,  which  just  satisfies  the  subsystem  performan¬ 
ce  needs.  In  view  of  the  large  variety  of  mission 
objectives  and  associated  performance  requirements 
(see  table  2.3-1).  however,  equipment  of  equivalent 
measurement  quality  standards  (and  costs)  has  to 
be  selected.  Consequentiv  the  AOCS  concept  must 
provide  the  necessary  flexibility  to  lie-m  different 
kinds  of  measurement  devices  as  requested  by  the 
application  case.  The  types  of  equipment  in  que¬ 
stion  are  of  course  Infra-Red  earth  Sensors  iIRS). 
Precision  Sun  Sensors  (PSS).  STar-Sensors  (STS) 
and  Rate  Integrating  Gyros  (RIG).  Apart  from 
conventional  design  performance  characteristics, 
new  designs  are  of  particular  interest.  For  the  typi¬ 
cal  performance  data,  reference  is  made  to  table 
3,2-1. 

3.2.2  Force  and  torque  generanon  technology 

Spacecraft  directly  injected  into  target  orbits  with 
limited  orbital  accuracy  demands  and/or  or  relati¬ 
vely  short  operational  life  time  may  not  require 
orbit  corrections  and  consequently  also  no  propul¬ 
sion  subsystem.  In  general,  however,  orbit  correc¬ 
tions  will  be  necessary  to  achieve  and  mainttun  the 
desired  operational  orbit.  In  view  of  aspects  like 
inherently  different  propellant  utilization  efficiency. 
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the  burn-out  (or  dry)  mass  and  subsystem  comple¬ 
xity,  the  most  appropriate  solution  primarily 
depends  on  the  total  velocity  increment  to  be 
generated  for  the  mission  in  question. 

In  tables  3.2-2  and  3.2-3  characteristic  parameters 
of  catalytic,  monopropeilant  hydrazine-  and  liquid 
bipropellant  thrusters  respectively  are  summarized. 
For  ease  of  reference,  again  equipment  available 
from  DASA  iii-house  manufacturing  has  been  used 
as  a  basis  of  comparison.  The  parameters  of  the 
liquid  bipropellant  reaction  jets  refer  to  'second 
generation  thrusters.  They  differ  from  previous 
and  conventional  design  in  that  the  combustion 
chamber  is  made  of  Platinum- Rhodium  alloy, 
which  allows  higher  operational  temperatures  and 
better  efficiency  than  the  classical  regenerative 
chamber  cooling  principle.  High  puise  reproducibi¬ 
lity  IS  ensured  bv  the  swiri  atomizer  inicction  in- 
-tcad  of  cone  injection  principle  used. 

The  diagrams  of  figures  ,;.2-l  and  3.2-2  .show  t!ie 
specific  impulse  and  impulse  bit  size  respeciivciy 
of  the  DASA  ion  and  4N  2'®  generation  thrusters 
in  pulsed  mode  of  operation  us  function  of  thruster 
(iN-time  in  comparison  to  conventional  reaction 
jets.  Small  nunimum  impulse  bit  size  land  accurate 
reproducibility;  are  particuiariy  important  features 
from  the  AOCS  point  of  view. 

Figure  3.2-3  shows  the  graphical  representation  of 
trade-off  results,  performed  to  identify  the  benefit 
of  liquid  biprcpellant  propulsion  subsystem  total 
mass  including  tanks,  propeilant.  piping,  and  thru¬ 
ster  system  for  a  satellite  with  8  small  AOCS-thru- 
sters  as  compared  to  mono- propellant  technology. 
It  turns  out  that  the  liquid  bipropellant  technology 
is  alway  superior  and  offers  increasing  mass  benefit 
over  monopropeilant  systems  for  increasing  total 
impulse  (Ns)  to  be  generated. 

While  during  orbit  correction  maneuvers  the  di¬ 
sturbance  torques  encountered  during  Av-genera- 
tion  due  to  -S/C  centre  of  mass  offsets  are  usually 
reiativciy  high  and  neces.sitate  counteraction  by 
I  the  same)  thruster  .system  in  ON-  or  OFF-modu- 
laled  operation,  e.xiernal  torques  for  attitude  con¬ 
trol  or  momentum  management  in  normal  opera¬ 
tion  may  also  be  generated  by  magneto-torquers. 
The  relatively  high  magnetic  field  strength  of  the 
earth  at  low  orbit  altitudes  is  particularly  suited  for 
magnetic  torquing. 

Table  3.2-4  summarizes  the  most  important  para¬ 
meters  of  torque  rods  as  manufactured  by  ITHA- 
CO  High  performance  attitude  control  and  stabili¬ 
zation  of  all  S/C  axes  in  the  necessary  dynamic 
range  is  best  accomplished  by  angular  momentum 


storaee  devices  i.c.  reaction-  and  momentum 
wheels.  Fig.  3,2-4  gives  a  .smail  selection  only  of 
possible  wheel  arrangements  and  combinations  for 
generating  (internal)  control  torques  about  one  or 
several  S/C  axes  and/or  bias  momentum  perpendi¬ 
cular  to  the  orbit  plane.  As  already  mentioned  with 
the  typical  AOCS  concepts  of  section  3.1  the  bias 
momentum  prmciplc  offers  particular  advantages  if 
attitude  reference  about  all  three  S/C  axis  is  not 
contmuously  available.  Therefore  momentum-zreac- 
tion  wheel  combinations  are  e.xpectcd  to  cover  most 
applications.  A  summary  of  characteristic  parame¬ 
ters  of  off-the-shelf  equipment  (manufacturer: 
TELDIX)  is  given  in  table  3.2-4  of  Annex  2. 

3-2_3  assessment  of  control  concepts  for 

TACSAT  missions 

From  the  previous  discussion.s  ol  mission  objectives, 
control  concepts,  alternatives  and  equipment  trade- 
.itfs  and  the  .AOCS  rcquiremenis  as  summarized  in 
'able  2..3-1  it  becomes  obvious  that 

-  the  cla.s.sicai  bias  momentum  system  with  iwo- 
,LXis  .ittitude  reference  and  WHECO.N  control 
can  only  satisfy'  the  needs  for  communication 
nussions.  where  no  particularly  stringent  require¬ 
ments  are  imposed  on  the  Line-of-Sight  (LOS) 
stability. 

■  In  the  case  of  weather  satellites,  for  the  limited 
periods  of  scanning  or  picture-taking  adequate 
LOS-stability  must  be  ensured,  absolute  attitude 
pointing  accuracy  is  not  so  critical 
•  For  earth  observation  missions,  depending  on 
the  observation  payload  concept  (push-broom, 
detector  array,  scan  mirror,  multi-spectral  de¬ 
composition  1  and  ground  resolution  both  accura¬ 
te  pointing  and  LOS-siabiliiv  become  incrca- 
sindy  important.  Payload  operation  will  have  to 
be  interrupted  during  orbit  correction  and  tran¬ 
sient  periods.  In  normal  mode  wheel  control 
about  ail  three  a.xes  accompanied  with  high 
precision  attitude  reference  has  to  be  lorescen. 

-  Surveillance  and  verification  being  also  earth 
observation  tasks  necessarily  impose  at  least  the 
same  requirements  on  the  .AOCS  partly  even  in 
presence  at  payload-induced  perturbation  envi¬ 
ronment.  (i-wave  payloads  additionally  require 
hiehlv  accurate  orbit  data  (GPS),  LOS  stability 
and  accurate  attitude  reconstitution  over  long 
periods  (minutes).  Payload  data  processing  and 
payload/attitude  data  fusion  is  generally  required 
entraining  high  demands  on  onboard  computa- 
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tional  and  storage  capacity  and  TM-priority 
during  ground  station  contact. 

4.  AOCS  BASELINE  CONCEPT 

In  the  past  S/C  design  has  often  been  performed 
with  the  emphasis  placed  primarily  on  mechanical 
and  structural  configuration  aspects  without  taking 
into  account  the  impact  on  other  subsystems  to  the 
necessary  extent.  As  far  as  the  AOCS  is  concer¬ 
ned,  it  is  of  course  understood  that  its  S/C  internal 
and  e.xtemal  communication-  and  access  capabili¬ 
ties  can  provide  the  necessary  flexibility  for  adapta¬ 
tions  to  a  given  environment  but  disregardmg 
certain  demands  from  the  AOCS  on  the  S/C  bus 
and  equipment  configuration  would  entrain  the 
necessity  to  establish  a  dedicated  .AOCS-concept 
and  make  a  special  design  for  each  mission  objec¬ 
tive  and  associated  payload  under  discu.ssion  here. 
The  approach  outlined  subsequentlv  aims  at  ma¬ 
king  best  possible  use  of  the  inherent  tle.'abiiiiy 
features  of  the  AOCS  for  the  benefit  of  the  overall 
system  and  is  expected  to  meet  the  different  mis¬ 
sion  requirements  without  major  modifications. 
General  features  of  the  concept  in  question  are: 

-  The  AOCS  shall  be  designed  to  incorporate 
sensor  and  actuator  equipment  alternatively  or 
in  combination  as  required  to  meet  the  pointing 
and  LOS  stability  performance  of  table  2.3-1. 

-  The  Data  Management  and  Control  (D.VIC) 
functions  of  section  2.3  shall  be  integrated  with 
the  AOCS  (Integrated  Control  and  Data  Mana¬ 
gement  System  -  ICDS). 

-  Data  transmission  within  the  S/C  shall  be  per¬ 
formed  by  means  of  a  digital  serial  data  bus. 

-  H/W  and  S/W  implementation  shall  be  based. 

-  The  capability  of  performing  orbit  corrcciions 
shall  be  provided. 

-  Payload  data  management  (and  preprocessing;, 
which  may  necessitate  extremely  high  computa¬ 
tional  and  storage  efforts  is  regarded  as  a  task 
completely  separated  from  the  ICDS. 

4.1  Sensor  Configuration 

It  is  understood  that  the  whole  scale  of  missions 
under  discussion  here  can  be  best  served,  if  the 
highest  performance  attitude  measurement  equip¬ 
ment  is  selected,  i.e.  precision  star  sensors  and  rate 
integrating  gyros  in  strapdown  mode  of  operation. 
This  will,  however,  also  be  the  most  e.xpensive 
solution  and  represent  an  overdesign  for  less  ambi¬ 
tious,  e.g.  communication  applications.  Subsequent¬ 


ly  the  attempt  is  made  to  defme  a  sensor  configu¬ 
ration,  which  could  cover  all  situations,  but  inevita¬ 
bly  imposes  restrictions  on  the  system  lay-out. 

It  is  assumed  that  TACSATS  on  request  of  strate¬ 
gic  demands  shall  operated  in  between  near  polar 
(sun  synchronous;  down  to  near  equatorial  low 
earth  orbits,  the  sun  incidence  angle  with  respect  to 
the  orbit  normal  also  possibly  varying  between  zero 
and  90°.  If  it  is  furthermore  assumed  that  the  array 
design  provides  the  double  axis  orientation  capabili¬ 
ty  discussed  earlier,  an  orientation  of  the  solar 
array  axis  of  rotation  approximately  parallel  to  the 
direction  of  motion  is  favourable  (see  fig.  4.1-la) 

-  for  very  low  altitude  orbits  ( <  500  km;  due  to 
air  drag  (see  fig.  2.1-3) 

-  if  the  sun  is  in  a  region  around  the  normal  to 
I  he  orbit  plane  i  say  i:  45  deg) 

-  for  low  inclinanons  of  the  orbit  plane  w.r.t.  the 
equator 

An  itnentaiion  of  the  S..4.  axis  of  rotation  perpen¬ 
dicular  to  the  direction  of  S.C  motion  (parallel  to 
the  earth  surface)  is  more  favourable  (see  fig.  4.1- 
lb) 

-  for  high  altitude,  high  inclination  (near  polar) 
orbits 

•  for  low  sun  incidence  angles  w.r.t.  the  orbit 
plane 

The  hiahest  lle.xibility  would  be  ens.ued.  if  -  for 
respective  application  orbits  -  the  S/C  orientation 
w.r.t.  flight  direction  could  be  selected  either  way 
and  the  payload  (pointing  in  nadir  direction)  alter¬ 
natively  rotated  by  90  degrees  around  its  line  of 
sight  in  the  S/C. 

.A  feasible  arrangement  of  all  (optical)  attitude 
measurement  equipment,  is  schematically  indicated 
in  fig.  4.1-2.  The  S/C  axes  are  denoted  by  x,  y,  z 
(roll,  pitch,  yaw),  where  the  yaw-axis  is  always 
nadir-pointing.  The  schematic  of  optical  sensor 
arrangement  on  the  S/C  body  surface  of  fig.  4.1-2 
shall  not  postulate  that  all  sensors  indicated  have  to 
be  available  simultaneously  in  the  same  S/C.  For 
communication  missions  e.g.  the  expensive  sensor  is 
not  required,  in  high  performance  missions  with 
stellar-inertial  reference  on  the  other  hand  the  IRS 
is  obsolete. 

The  conical  scan  IRS  points  into  S/C  y-direction 
(or  opposite  to  it,  depending  on  the  sun  incidence 
angle  w.r.t.  the  orbit),  which  's  the  direction  of 
motion  in  the  case  of  fig.  4.1- la  and  scans  the  earth 
imderneath  under  a  45  deg  cone  angle.  The  star 
sensor  is  mounted  on  the  -z  face  (away  from  the 
earth)  inclined  into  the  y-direction  (or  opposite  to 
it)  scanning  the  sky  as  the  S/C  rotates  around  its  x- 


axis  during  orbit  motion.  The  sun  is  assumed  to  be 
around  the  x-axis  in  a  cone  up  to  about  70  deg 
(about  45  deg  23.5  deg  inclination,  polar  orbit 
case).  Two  double  axis  fine  digital  sun  sensors  with 
e:  64  deg  measurement  range  (both  axes)  arc 
mounted  in  the  S/C  xjy  plane  with  their  optical 
axes  inclined  w.r.t.  the  x-axis  by  60  deg. 

In  the  case  of  fig.  4.1-lb  the  S/C  is  rotated  around 
its  z-axis  by  +90  deg,  the  x-axis  then  being  the 
direction  of  motion,  the  IRS  and  STS  turned  away 
from  the  sun  direction,  which  then  may  be  close  to 
the  S/C  orbit  plane. 

4.2  .Actuator  Configuration 

Following  actuators  will  be  used 

-  4N  reaction  jets  for  attitude  control  an.*  .irnii 
correction  maneuvers 

-  Momeatura  wheels  and  reaction  wheels  ior 
altitude  control 

The  arrangement  and  the  torque  force  eeneration 
concept  of  the  different  actuators  is  described  sub¬ 
sequently. 

4,2.1  Reaction  Jets 

The  attitude  control  and  orbit  correction  maneu¬ 
vers  are  performed  by  12  double  valve  thrusters, 
see  figure  4.2-1.  The  following  notation  for  the  dif¬ 
ferent  thruster  sets  is  used  for  the  sub.sequcnt  dis¬ 
cussion,  where  each  indivadual  thruster  is  denoted 
by  a  number  and  a  character; 

Set  A  :  =  (LA.  2.-\,  3A.  4Ai 
Set  B  :=  (IB.  2B,  3B.  4B) 

Set  A/B  :  =  ( lA,  2B,  3B,  4A) 

•Set  B/A  ;=  (IB.  2A.  3 A.  4B) 

SetC  :  =  (1C,  2C,  .3C,  40 

Table  4.2-1  gives  an  overview  of  ihc  thrust  levels 
and  the  principal  orientations  of  the  different  thru¬ 
ster  sets. 

Note  that  the  4  thrusters  of  sec  .-\  or  set  B  arc 
placed  and  oriented  symmetrically  w...t.  the  COG 
and  the  principal  axis,  respectively.  This  arrance- 
ment  implies,  that  the  relation  between  the  4xl 
thruster  activation  vector  a  and  the  3x1  torque  vec¬ 
tor  T  applied  on  the  S/C 

I  =  T,a 


is  qualitatively  the  same  for  these  two  thruster  sets, 
or  with  other  words,  the  3x4  torque  matrix  T,  has 
always  the  form 

{ 

jt-or  ~  cx  ‘-C1I 

'^r  ’  I  ■  -cr  ‘•cv  -  .-yi 

it  - ^  ^ 

(-f*  ■'?»  -  .'i  - -g  ; 

where  t.,,,  t^.^,  t,,  arc  the  nonzero  absolute  values  of 
the  torque  levels  around  the  S  C  .x-.  y-.  z-axis.  Thev 
will  be  optimized  according  to  system  requirements 
(e.g.  c.vpccted  disturbance  torque),  by  an  appro¬ 
priate  choice  of  the  placement,  i.e.  the  lever  arm 
w.r.t.  COG  and  orientation  of  the  ilirustcrs. 

For  ideallv  mounted  thrusters  even  the  numerical 
values  of  i.„  i.,  are  identical,  due  to  (he  svm- 

metrv  propertv.  Fhiis  lact  has  the  consequence  that 
in  case  ol  failure  ni  one  thruster  ot  set  .A  (or  set  B. 
resn.i.  the  double  aive  thru.sicr  conlicuration  per¬ 
mits  to  choose  tne  thruster  4  --et  B  (or  -ci  A. 
resp.)  with  the  same  number  to  as-sure  the  redun- 
danev.  .Aiternativciv  it  can  be  .switched  uirectiv  to 
the  heaitbv  thruster  set  B  lor  set  .-y.  resp.!. 

Torque  tieneraiicn 

The  relation  between  the  torque  vector  t  and  the 
thruster  activation  vector  a  is  requested  to  be 

diau  (t..,t^,,t,j)  m  =  T.  a 

where  m  is  the  modulator  output  vector  with  its 
elements  consisting  of  -1.0, -1.  i.e.  there  are  27 
salues  of  m, 

U.sing  the  sineuiar  value  decomposition  ot  the  tor¬ 
que  mat  rex 


it  follows 

a  =  T.'  diag  (t,,,t,.^..t.,)  ni  --  Lp-  e 

with  the  pseudoinversc  T,'.  The  constant  c  will  be 
chosen  such  that  all  elements  of  a  are  >  i). 

The  solution  of  this  equation  for  all  27  combina¬ 
tions  of  the  modulator  output  .signal  results  in  the 
values  of  0.0.5. 1  for  the  elements  ot  a.  The  value  0.5 
will  be  realized  'on  the  average'  bv  operating  the 
corresponding  thruster  over  half  the  modulator 
output  time  increment. 

Ol  course,  the  above  equation  wall  not  be  solved  on 
board,  but  the  solutions,  i.e,  the  correspondanccs 
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between  the  modulator  output  m  and  the  thruster 
activation  a  are  stored  in  the  on  board  computer 
memory  according  to  table  4.2-2. 

Force  Generation 

•According  to  ligures  4.1-1.  there  are  two  different 
S/C  orientations  in  orbit.  For  both  cases,  tabic  4.2- 
3  summarizes  the  nominal  and  redundant  thruster 
sets,  which  are  used  for  orbit  corrections  in  normal 
and  tangential  direction. 

42.2  Momenoim  and  -'eaccion  wheels 

The  preferred  wheel  arrangement  as  shown  in  lie. 
4.2-2  consists  of 

•  Two  flywheels  in  a  V-conflguration  in  a  plane 
rotated  about  the  y-axis  by  an  aniile  n 

•  Two  reaction  wheels  alone  the  x-  and  /-i\es 

In  the  nominal  coniiguratton  oniv  one  il'.v'.neei 
(either  FIVIVV  I  or  FMW  2)  and  lioin  .reaction 
wheels  arc  in  operation,  all  runnmg  at  bias  speeds 
such  that  a  residual  bias  angular  momentum  vector 
is  nominally  perpendicular  to  the  orbit  plane. 

In  case  of  a  failure  ol  one  reaction  wheel  the  re.si- 
duai  reaction  wheel  and  both  flywheels  .nil  be 
u^ed. 

If  on  the  other  hand  the  nominal'  fltwhcei  laiis. 
the  cold  redundant  tuced  momentum  wheel  i.s  acti¬ 
vated, 

4J  AOCS  HAV  and  SAV  Impiementatiao 

Presently,  based  on  a  cooperation  agreement  bet¬ 
ween  DASA,  Aerospatiale,  and  Alenia  Spazio  jomt 
efforts  are  being  undertaken  to  develop  and  quaiifv 
an  Integrated  Control  and  Data  .Management 
System  (ICDSi  for  ne.xt  generation  commumcation 
and  application  satellites,  within  the  so-called  Spa- 
cebus  Improvement  Program'  (SIP).  This  procram 
also  incorporates  development  and  qualification  of 
advanced  components  like  the  precision  sun  sensor 
(table  3.2-1),  second  generation  hquid  bipropellant 
thrusters  (table  3.2-3)  and  in  particular  also  a  po¬ 
werful  Onboard  Computer  Unit  (  C)BCU)  and  the 
associated  operational  and  application  SAV.  The 
ICDS  in  question  (see  ref.  10)  is  to  the  larcest 
extent  directly  suited  or  easily  adaptable  for  the 
case  under  discussion  here.  The  mam  difference  to 
the  concept  favoured  for  communication  S/C  ap¬ 
plications  consists  in  that  for  TAGS  AT  missions  a 
two  computer  solution'  Instead  of  a  one  central 
compute  approach  is  regarded  absolutely  necessary 
in  view  of  the  flexibility-  and  computational  requi¬ 


rements  of  the  different  payloads.  The  amount  o! 
payload  data  to  be  transmitted  to  ground  within 
short  ground  contact  intervals  wiU  furthermore 
necessitate  direct  priority  link  to  the  telemetry 
system.  Subsequently  only  the  AOCS  part  of  the 
ICDS  concept,  which  then  can  be  regarded  largely 
independent  from  the  payload  data  management 
system  will  be  shortly  outlined. 

Hardware 

Fig.  4,3-1  shows  the  ICDS  hardware  conliguraiion 
(wiihoui  redundancies  I  i.e.  not  only  the  .AOCS-,  but 
also  the  DMC  hardware  units  are  represented. 

The  functional  sharing  of  these  units  and  comments 
.in  the  notations  wathin  ligurc  4  3-1  are  listed  in 
table  4.3-1 . 

The  •.■•riai  OBDH  Data  Bus  is  ihc  link  within  a 
.nodular  expandable  .AOCS. 

A.s  i.ir  .IS  newiv  lieveiopeu  equipment  .ind  signal 
etindiiionmg  eiectronies  are  concerned  (e.g.  sun 
.en.sor  electronics.  L'PSE'i,  the  interfaces  are  de- 
smned  such  as  to  ducctiy  match  the  data  bus  l.F 
requuements.  The  signal  conditioning  for  classical, 
off-ihe-sheil  equipment  (earth  .sensors,  gyros, 
wheels,  star  sensors  i  to  tne  OBDH  data  bus  format 
is  performed  in  the  Platform  Interface  Unit 
iPnU). 

"The  central  component  of  the  ICDS  hardware  is 
the  On  Board  Computer  Unit  (OBCU).  It  has 
functional  interfaces  with  the  ground  segment  and 
all  on-board  S;C  subsystems  for  the  distribution  of 
commands  and  the  acquisition  of  data.  Figure  4,3-2 
.shows  the  blockdiagram  of  the  (i)BCU.  The 
functional  units  are: 

Processor  .Module  tP.M) 

•  16  bit  processor.  MIL-STD  1750  .A  instruc¬ 
tion  set  architecture 

•  procc!;smg  power  at  least  lOOO  kips  ior  DAIS 
MIX  (Dieiial  .Aeronautics  Instr.  Set  • 
20MHz) 

•  RAM  12S  kwords  of  16  bits 

•  RO.M  96  kwords  of  16  bits 

-  Telecommand  Decoder  Module  (TO 
Felemetry  Module  (TM) 

-  Reconfiguration  Module  (RM) 

•  supports  autonomous  satellite  failure  detec¬ 
tion,  isolation  and  recovery  ( FDIR) 

•  ftmciional  elements:  Alarm  Level  Manage¬ 
ment,  OBCU  Reconfiguration  Commands. 
OBDH-bus  Reconfiguration  Commands, 
Thruster  On-Time  Control 

-  Safeguard  Memory  (SGM) 
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•  contains  the  HAV  system  conlicuration  data 
and  dy-namic  SAV  parameters 

-  Precision  Clock  Module  (PCLK) 

-  Power  Converter  Modules  jPCV) 

•  provides  necessary  voltages  for  the  OBCC 
modules 

•  provides  central  on  board  reference  time 
counter 

Software 

The  complete  AOCS  and  related  DMC-softwarc 
(S/AV)  will  be  executed  in  the  redundant  ICDS-on 
board  computer  and  runs  fully  automatic  and 
autonomously  under  normal  circumstances. 

Before  the  mission,  the  S^AV  svill  be  (pre-)  stored 
in  the  PROM  and  copied  into  the  RAM  after  its 
first  activation  in  the  orbit.  This  allows  modifica¬ 
tions  -  as  far  as  the  application  SAV  is  concernsa  - 
at  anv  time  sna  teiccommands  (  racinorv  load  i.  !: 
is  also  possible  to  adapt  important  system  t.ibics 
and  the  SAV  configuration  from  grouno. 
Telemetry  and  telecommand  S  AV  part.s  arc  imple¬ 
mented  according  to  the  ESA  standard  pacKCt 
TM/TC". 

•A  central  role  within  the  on  board  S/W  plavs  the 
•MOSES  II  operating  system,  an  updated  version  oi 
the  MOSES  operating  system  used  in  the  shuttle 
pallet  satellite  (SPAS)-program.  It  is  cspeciailv 
designed  for  the 

•  management  of  parallel  processes  and  asychro- 
nous  events  under  real-time  conditions 
but  can  also  meet  the  requirements  of 

-  strictly  synchronous  operation  modes,  c.g.  s-cn- 
sor  data  acquisition,  activation  of  the  UPS. 

The  maintainability  and  adaption  capability  of  the 
SAV-system  necessitate  a  transparent  modular 
functional  structure,  hierarchically  oruanized  anu 
properly  defined  interfaces  not  only  within  th-c 
operation  system,  but  also  to  the  application  S,  \V 
modules. 

The  application  SjAV-parts  (jobs)  are  divided  into 
one  or  several  tasks.  Additionally,  (here  arc  spe¬ 
cific  error  tasks,  which  can  be  attached  to  ,i 
job/task.  They  will  be  activated  autcmaticailv  bv 
the  operating  system  in  case  of  a  failure  (exception 
handling). 

4.4  .Attitude-  and  Orbit  Control  Loops 
4.4.1  Acquisition  control 

Because  of  the  short  visibility  penods  of  low  earth 
orbiting  S/C  from  individual  ground  stations  onbo¬ 


ard  autonomy  of  fundamental  operational  functions 
IS  extremely  important.  Automatic  acquisition, 
reacqui.:>ition  and  safety  procedures  ensuring  initial 
orientation  and  S/C  survival  (power  &  thermal 
conditioning)  in  case  of  attitude  loss  are  such  fun¬ 
damental  functions.  Classical,  well  proven  concepts 
consisting  in  a  reorientation  of  a  preferred  S/C  axis 
(and  the  active  surfaces  of  the  solar  arrays)  to  the 
sun  are  also  applicable  here  and  will  therefore  not 
be  discussed  in  detail  (see  e.g.  refs.  4  to  10). 

4.4.2  On-orbit  control  loops 

In  classical  satellite  attitude  and  orbit  control  con¬ 
cepts  clear  distinction  is  made  between  altitude 
control  during  orbit  correction  maneuvers  and  in 
normal  mode  iN'M),  these  modes  of  operation 
cmplovinc  essentially  different  control  principles 
■j.u.  rcacuon  icl  control  ,inu  .“'•M  wheel  coniroi). 
Tor  the  ICDS  concept  under  discussion  here  .i 
common  control  approach  is  regarded  superior. 
The  most  obMous  advaniaces  arc: 

-  Iniicrcni  back-up  capabilities  using  different 
types  of  actuators  if  required. 

•  Modular  3-a.xis  attitude  measurement  estimation 
and  reference  generation  principle  throughout. 

-  Smooth  transitions  between  different  operational 
conditions  due  to  continuous  state  propagation 
of  estimation  and  control  variables. 

•  Activation  of  combined  actuators  c.g.  for  feed¬ 
forward  compensation  in  case  of  heavy  predicta¬ 
ble  I  payload)  disturbances 

.A  schematic  blockdiagram  of  the  on-station  attitude 
control  mode  is  shown  in  fig.  4.4-1. 

The  raw  sensor  data  from  sun  sensors  and  earth 
sensors  ( in  case  of  low  accuracy  performance  mis¬ 
sions)  or  star  sensors  ana  rate  integrating  gVTOs  lor 
high  performance  missions  arc  processed  to  genera¬ 
te  attitude  information  9*.  i);’)  Based  on 
svstem  models  orbit  parameter  updates  from 
ground  and  additional  measurements  (wheel 
speed),  optimal  csiunatcs  of  .system  .state  variables 
H,  (prop.  ikU  H.  (prop.  4>),  0.  ca.,  ta..  (<a._,  prop, 
ca,),  H.,  Hj  and  0  are  generated.  In  application 
cases,  where  attitude  reference  is  generated  from 
earth  and  sun  sensors  only,  during  eclipse  regions 
yaw  attitude  is  propagated  by  means  of  the  obser¬ 
ver  equations  of  the  angular  momentum  in  orbit 
coordinates  suppres.sing  the  nutation  by  adequate 
filtering. 

Under  normal  mode  conditions  attitude  stabiliza¬ 
tion  IS  performed  by  controlling  the  fly-wheel  and 
reaction  wheels  in  torque  mode.  In  order  to  com- 


pensate  for  the  impact  of  limited  resolution  in  the 
torque  commands  as  well  as  unknown  internal 
wheel  friction  torque,  contribution  of  cross-axis 
angular  momentum  components  and  external  di¬ 
sturbance  torques  under  eclipse  conditions,  a  mo¬ 
del  following  loop  is  incorporated  to  match  the 
wheel  control  torques  to  the  corrrcct  values.  This 
technique  as  used  for  closed  loop  AOCS  dynamic 
bench  testing  with  real  hardware  at  DASA  is  well 
proven.  In  view  of  the  fact  that  in  the  wheel  con¬ 
trol  concept  in  question  here  the  wheel  speed 
variation  exceeds  the  usual  range  considerably,  a 
nonlinear  friction  torque  compensation  loop  is 
additionally  superimposed.  In  order  to  improve  the 
pointing  accuracy  and  stability  to  the  level  requi¬ 
red,  disturbance  torque  estimation  and  compensa¬ 
tion  is  applied.  These  estimates  furthermore  ensu¬ 
re,  that  the  necessary  yaw  attitude  prediction  accu¬ 
racy  during  eclipse  passage  is  achieved. 
Stellar-inertial  attitude  reference  generation  wnen 
using  rate  integratmg  gyroscopsc  in  strap-down 
mode  and  updates  from  gyro  drift  computed  by 
onboard  Kalman  filter  using  observed  star  transit 
times  has  to  rely  on  up-to-date  satellite  ephemens 
and  reference  star  catalog  data  stored  in  the  onbo¬ 
ard  computer.  These  data  have  to  be  periodically 
uplinked  together  with  corrections  of  the  onboard 
time  reference.  A  typical  example  of  a  star  identifi¬ 
cation  pattern  over  a  period  of  12  min.  as  for  in¬ 
stance  encountered  during  ROSAT  mission  in  scan 
mode  is  shown  in  fig.  4.4-2.  In  case  of  large  paylo¬ 
ad-induced  disturbance  torques  feed-forward  con¬ 
trol  has  to  be  applied  to  ensure  the  necessary 
pointing  stability  for  high  performance  mi.ssions. 

4.5  Preliminary  AOCS  Mass  and  Power  Budget 

For  the  AOCS  concept  and  implementation  appro¬ 
ach  outlined  above  preliminary  mass  and  power 
budgets  for  the  individual  HAV-iteras  have  been 
summarized  in  table  4.5-1.  Assuming  that  for  a 
particular  mission  not  all  but  only  the  necessary 
equipment  will  simultaneously  be  integrated  into 
the  S/C  (at  principly  the  locations  indicated  in  fig. 
4.1-2)  the  total  AOCS  budgets  for  respective  ap¬ 
plication  cases  can  be  composed. 

For  typical  mass  of  a  propulsion  .system  depending 
on  the  total  impulse  to  be  provided  reference  is 
made  to  figure  3.2-2.  The  burn-out  mass  including 
12  four  Newton  bipropellant  thrusters,  tank,  piping, 
residual  Helium  in  a  blow-down  system  amounts  to 
approximately  18.5  kg. 


5.  CONCLUSION 

On  the  basis  of  more  than  20  years  of  experience  in 
AOCS  design  and  development  for  conununication- 
and  application  S/C  in  the  paper  under  discussion 
here  the  attempt  has  been  made  to  identify  the 
configuration,  the  equipment  and  technology  of  an 
AOCS,  which  can  provide  the  necessary  flexibilicy 
for  .icrving  the  large  variety  of  TACSAT  mission 
objectives  and  the  associated  performance  require¬ 
ments. 
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Fig.  3.2-1;  Specific  impulse  of  2"®  generation  liquid 
bipropellant  thrusters  in  pulsed  mode  (comparison) 


Fig.  3.2-2:  Impulse  bit  of  2"'’  generation  liquid 
bipropelJant  thrusters  in  puised  mode  (comparison) 


Fig.  3.2-4:  Examples  of  momcnrum-/re action  wheel  arrangements 


HLC1AOCSHLC2  NlC  HLCI  HICI  MtCl  HLCI 


Fig.  4,3-1;  [CDS  principle  block  diagram  for  separated  AOCS  and  paylaod  DM 


CV1(M| 


TC 

T 

1 


IW 


l/f 


1  ON 


3(4} 


HPC1 

(M) 


'I  r 

I  ) 
i  I 
\  I 

II 

f 

* 

n 

I I 
I  ! 


TC 

(M) 


(M) 


O/  t~ 
j2(M)| 


OBDH 


FM 

(M) 


Rtlfflllon  VeMB9«  t« 


PCLK 


SGM 

(M) 


ONJOfF 

'•  I  • 


cv 

* 


■ 

1  '  1 

L««aMeu»  R«a.  1 

1 

f 

iH 

i  \  . 

!  I  If 


'[o/ 

p{M)l 


RM 

IMPC 

(M) 

j2(M 

1  — 

'  ' 

_l  L 

1  » 

TM 

•— 

— 

(R) 

(R) 

2(R)j 

CV1(R} 


1C  • 
1M  • 
P«4  . 
RM  - 
CV  • 
HPC  m 
SGM  • 
PCIK« 
IM»  • 


Te««  ConwnAnt*  MoAM 
PtacMioi  NWrtMM 


T(4) 


FW 

(H) 


C®DH 


TC 


TM 


_ 

OBDH  BUS 


sa.1 

(R) 


FOLK 


CV 
13  (H) 


FW 

(R) 

IIFO 

’(R) 

-  B 


Ift  t  t 

OMfOrr 

Th»u«l««  OM 


lk()n  PiMfVv  Comniantf 
S«(«<)uaf «  u«m«rv 
PtacitMnCloai  MoaM* 


Fig.  4,3-2:  Block  diagram  of  the  OBCU 
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Fig.  4.4-1:  Schematic  block  diagram  of  on-orbil  control  loop 
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Star  identification  pattern  in  (ROSATI  scan  mode 
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Mission 

Operational  Mode 

Pointing 

[d 

half  cone 
Roll/Pitch 

accuracy 

=gj 

Yaw 

Requii 

.x-axis 

red  Rate 
[dee/sec 

y-axis 

accuracy 

zsods 

Communication 

Operational  Phase 

0.03 

0.10 

- 

- 

- 

Orbit  Correction 

0.15 

0.35 

- 

- 

- 

Weather 

Scan  Phase 

0.03 

0.10 

0.002 

0.002 

0.002 

Normal  and  SK-Mode 

0.10 

0.30 

- 

- 

- 

Environmental 

Monitoring 

Normal  Mode 

0.03 

0.05 

0.002 

0.002 

0.002 

Re-Positioning 

0.05 

0,15 

- 

- 

- 

High  Resolution 

Normal  Mode 

0.007 

002 

0.0005 

0.0005 

0.0005 

Re-Positionine 

0.05 

0.15 

- 

- 

- 

Table  2.3-1;  Typical  AOCS  perlormancc  requircmenis 


Geostationary  Communication  Satellites 

Devel.  AOCS 
FM  Oual. 

Launch  Oates 

SMYPHONIE 

2  flight  models 

1968  -  1970 

A;  19.12,84, 

B:  27.08.75 

INTELSAT  V 

15  flight  models 

13  Satellites  in  operation, 

FM  9  &  FM  14  lost  due  to  launcher  failure 

1976  -  1987 

FMl  :  7. 12.90 
FM2  ;  24.05.81 
FM3  ;  15.12.91 

FM15;  27.01.89 

TV-SAT  I.  2 

2  flight  models 

FM  1;  one  SG  failed  to  deploy,  deorbited 

1980  -  1987 

FMl  :  21.11.87 
FM2  ;  08.08.90 

TDF  1,  2 

2  flight  models 

1980  -  1987 

FMl  :  28.10.88 
FM2  :  17.07.90 

TELE-X 

1  flight  model 

1987 

FMl  :  29,03.89 

DFS-KOPERNIKUS 

piotoflight  model 

FM2,  FM3 

1983  -  1989 

FFM  :  05.06.89 
FM2  ;  1707.90 
FM3  ;  12.10.92 

EUTELSAT  2 

PFM  =  FMl 

FM2,  FM3.  FM4,  FM5. 

1986  - 

FMl  :  31.08.90 
FM2  ;  16.01.91 
FM3  :  Dcc.91 
FM4  :  10.07.92 

Table  3.1-1;  Review  of  geostationary  communication  satellite  examples 
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Control  Accuracy 

Control  Concepts 

Half  Cone 
[degl 

Yaw  (degl 

INTELSAT  V 

0.12 

c52 

-  Wheel  control  m  Pitch  NM 

-  Whecon  control  m  RotL'Yaw  (fixed  bias  momentum  wheel) 

•  Spuj-stabilized  apogee  boost  maneuver 

TV-SAT. 

TDF 

TELE-X 

0.22 

Beam  P 
Tx  <  -  Ante 

0.035 

1.2 

ointing 
nna  —  >  Rx 

0.07 

-  Wheel  control  in  Pitch  (NM) 

-  Coarse  body  control  in  RollTYaw  (Whecon  with  fixed  bias 
momentum  wheel) 

-  Fine  antenna  pointing  system  using  RF-sensors 

-  Three  axis  stabilized  apogee  boost  maneuver  with  partially 
deployed  solar  generators 

DFS 

0.07 

0.3 

-  Wheel  control  in  pitch 

-  Whecon  body  control  in  RolL'Yaw  (fixed  bias  momentum  wheel) 

-  three-axis  stabilized  apogee  boost  maneuver  with  fully  deployed 
solar  eenerators 

ELTELSAT  II 

0.05 

0.15 

-  Wheel  control  in  pitch  .\M 

-  Fine  bodv  control  svstera  .NA.MC  (Optimum  Nutation  angular 
momentum  control)  for  normal  mode  RollY'aw 

•  Thrce-axis  stabilized  apogee  boost  maneuver  with  partially  de¬ 
ployed  solar  eenerators 

Table  3.1-2;  Commimication  satellite  AOCS  features  &  performance  (DASA-AOCS) 


Low  earth  orbit  ObseivatioE/Sciencific  Satellites 

AOCS  Development  & 
Qualification 

Launch  dates 

MOS-1  (Marine 
Observation  Sat.) 

1  engineering  model 

1  flight  model 

1983 

FMl:  1987 

FM2;  1990 

ROSAT  (Rontgen- 
Sateilite) 

1  engineering  model 

1  flight  model 

1984  -  1986 

1988 

01.6.90 

EURECA  (European 
Retrievable  Carrier) 

1  flight  model 

1988  -  1990 

31.7.92 

ASTRO-SPAS  (Shuttle 
Pallet  Satellite) 

1  flight  model 

1988  -  1992 

June  93,  early  94 

Table  3.1-3:  Review  of  low  earth  orbit  satellites  (DASA-AOCS) 
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Control  Accuracy 

Normal  Mode  Control  Concepts 

MOS-1  (Marine 
Observation  Satellite) 

Pointing  Direction:  0.1° 
Stability:  0.001°/sec 

Two  bias  momentum  wheels  in  V- 
arrangement  with  magnetic  unloa¬ 
ding  of  accumulated  angular  mo¬ 
mentum 

ROSAT 

(Rontgen-Satellite) 

Pointing  mode:  3' 
Meas.Accuracy:  10' 

Scan  Mode:  3' 

Reaction  wheel  control  with  ma¬ 
gnetic  unloading  of  accumulated 
angular  momentum 

ASTRO-SPAS 
(Shuttle  Pallet  Satellite) 

Pointing  mode:  2 ' 

Scan  Mode:  30" 

Rigid  body  control  with  cold  gas 

Use  of  GPS  for  Earth  ref.  frame 
determination 

EURECA 

0.9°  each  a.xi.s  lor  Cold  gas  control  supported  by 

normal  mode  magnetic  control  wth  disturbance 

j  torque  compensation 

Table  3.1-4:  Earthy'scieniific  satellite  ACK.  S  leatures  and  pertormance  iDASA-AOCS) 


Sensor 

type 

application- 

measurement 

ranee 

fspicai  accuraev 
(  Iit) 

Weichl  ike)  Power  )W| 

*'  1 

Maouiacturer  \ 

Gyro 

(loaieo  rate 
iotcgradce  1 1 

■r  r.'scc 

resolution;  1  12 
landom  drift: 

1  '  i  .S  -■  2.5  i  -i  S 

( 

1 

FERRvVNTI  ' 

IR-Enxch  Sensor 

cornea)  scan  i  2 
axes) 

100  km  to  eco- 
sv-nefar.  altitude 

LEO:  O.r 

GEO.  0  05' 

!  5 

1 

ITRJvCO 

; 

Sun-Scosor  <SS) 

4it  Sterad. 

(2  axes) 

2  - 

2*  within 
r20’  of  LOS 

2x  tQ.z-v,2)  j  :  •  1  -  : 

*  0  8 

r?D 

GALILEO 

Fine  didtal 
(2  axes) 

-  04’ 

0.015’ 

9 

86 

DASA  1 

Stai-Sensor 

(STS) 

CCD  simuliao. 

3  star  tncas. 

6*  X  5’ 

(magzutudc  0 

r  poiBUne 

5"  scan  rate 
<  5’/scc 

(7-e5)-  12 
wo  baldc 

16 

DASA  ! 

Magnetometer 

Hux  gate 
(3  axes) 

spherical  (altitu¬ 
de:  <  l(KK)km) 

0.1  dee  ■•) 

(earth  dinolc  dir.) 

0.5^15  -  : 

0  7 

ITHACO  i 

FOERSTER  I 

*)  includioe  Eiectrooics 

••)  ideal  orbit  and  time  rclcrencc 


Table  3.2-1;  Typical  characteristics  of  attitude  measurement  equipment 
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Thrust  Level 
[N1 

Specific  Impulse 
(sec} 

MinJmp.Bit 

(mNsJ 

Mass 

[kg] 

Valve/Heater 
Power  [W] 

0.75  -  0.2 

227  -  216 

15-  5 

0.19 

5a5 

2  -  0.6 

227  -  216 

36-  15 

0.20 

5/1 

6  -  1.85 

227  -  216 

96-  38 

0.22 

5/3.37 

10  -  3 

230  -  220 

190-  70 

0.24 

5/2.4 

24  -  7,2 

234  -  222 

370  -  165 

0.36 

13/3 

350  -  no 

234  -  218 

1100  -  350 

l.SO 

30/- 

Table  3.2-2;  Characteristic  parameters  of  (DASA)  catalytic  monopropeilant  hydrazine  thrusters 


Thrust  Level 
[N] 

Specific  Impulse 
(sect 

-Min.Imp.Bit 

(mNsj 

.VI  ass 
(kg| 

Qualification 

Date 

13 

<  0.25 

92 

31 

0.25 

92 

mniiQnHH 

— 

2.7 

93/94 

Table  3.2-3:  Characteristic  parameters  of  DASA  2"“  generation  liquid  bipropcilant  tiuusvers 


DIPOLE  MOMENT 

CAm  =  ] 

WEIGHT 

['■9] 

POWER  ’ 

[W] 

Linearity 

Includes  mounting 

1% 

70% 

lenoth 

diometer 

bioclts  ^ 

10 

15 

40 

1.8 

0.4  t 

0,6 

1  !-0 

15 

20 

45 

1.8 

0.5  ♦ 

0.6 

1  ri 

20 

30 

49 

1.9 

0.6  » 

0.7 

i  1-7 

30 

50 

56 

2.1 

0.9  ' 

0.7 

i  1-3 

60 

35 

64 

2.6 

1,7  ^ 

0.8 

1  2.0 

too 

ISO 

72 

3.6 

2.8 

1.1  i  2.7 

ISO 

250 

84 

3.8 

3.2 

1.3 

1 

250 

350 

104 

4.3 

6.2 

1.8 

1  4.4 

350 

500 

ns 

4.7 

8.3 

2.1 

1  5.0 

500 

700 

130 

5.0 

1 1.1 

2.3 

1  5.5 

1,250 

1,750 

200 

5.3 

18.5 

3.3 

i  7.6 

2.900 

4,000 

250 

7.6 

49.9 

6.0 

i  16.0 

1  Ampvr*  =  1000  p-cm  q  single  winding  is  used,  power  doubles. 


Table  3.2-4;  Characteristic  parameters  of  magnetic  torquers  (ITHACO) 
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WhM  diamctar  cm 

20 

26 

35 

501 

1 

Angular  (nomanium  ranqa 

Nms 

1  a...6.5 

S.0...20 

14  .80 

50..,200 

Mai.  raacson  torqua 

Nm 

02 

0.2 

0.2 

021 

spMo  n 

mm  ' 

6000 

6000 

6000 

6000 

Losa  torqua  at  max.  sdmo**) 
Powar  consumotion; 

Nm 

&  0.012 

<0.013 

<0.015 

<0.022 

-  staaov  stats  idapenqing 

W 

2...7 

2...8 

2...10 

3...  15 

on  ipssot 

-  max.  powsr  raanq 

W 

<60 

<80 

<  100 

<  ISO 

Oimsnsions: 

-  Oiamatar  A 

mm 

203 

260 

350 

500 

-  hsigmS 

mm 

75 

85 

120 

150 

Wstgm 

2.7  .3.4 

3.S...6.0 

50. .8.0 

7  5... 12 

Enviranmsntat  conations: 

1 

-  OQaraonq  i6moeraiur« 

-  vibration  isinusaqai) 

i 

suitacm  for  sataiiitM  comoaoM  witn  launcnars 

-  vibratMni  random  1 

( 

sucn  as  aAIANE  or  Soacs  Shuras 

i 

i 

-  linear  accsMrason 

j 

i 

(Q0r««r«09*  t  10%) 


Table  3.2-5:  Characteristic  parameters  ol  momenium  and  reaction  wheels  (TELDIX) 


Thrusters 

Thrust 

Level 

Orientation 

Location 

Set  A 

4  N 

tilted  in  the  S/C  (,'c,y)- plane 
-  >  zero  z-component 

on  the  corners  of  the  cen 
tral  cube 

Set  B 

4  N 

tilted  in  the  S/C  (x,y)-piane 
—  >  zero  z-component 

on  the  comers  of  the  cen¬ 
tral  cube 

Set  C 

4  N 

pointing  in  ±  x-direction 
-  >  zero  y-  and  z-component 

on  the  edges  of  the  S/C, 
parallel  to  the  S/C  y-axis 

Table  4.2-1:  Thrust  levels,  thruster  locations  and  orientations 
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thruster  activation  thruster 
no.  1  -  4 

torque  re¬ 
quirement 

1"  half  modu¬ 
lator  time  in¬ 
crement 

2"*  half  mo¬ 
dulator  time 
increment 

(-1,  -1,  -1) 

^1.  -1,  0) 

^1.  -T  1) 

(o.ia.i) 

(O.O.O.l) 

(0,0,0  1) 

(0.1, 1.1) 

(0.1. 1,1) 

(O.O.O.l) 

pop 

(0.0, 1,0) 

(O.O.l.l) 

(O.O.O.l) 

(0,1,1, 1) 

(O.O.l.l) 

O.O.l.l) 

(-1.  1. -1) 

(-1.  1.  0) 

(-1.  L  1) 

(O.O.l.O) 

(0,0, 1,0) 
fl.0,1.1) 

(O.O.l.O) 

(1,0.1. 1) 

0,0,1,]) 

(0, -1, -i) 

(  0,  -1.  Q) 
(o.-i.  n 

(0, 1.0,0) 

(O.l.O.l) 

(O.O.O.l) 

(0.1, 1,1) 

(O.l.O.l) 

O.l.O.l) 

{  0,  0.  -u 
(  0,  (),  01 
(  n.  0.  1 1 

(0.1. 1.0) 

(O.O.O.O) 

O.O.O.l) 

(0,1, 1,0) 

(O.O.O.O) 

( l.O.O.O 

(  0.  1,  -1) 

(0,  1,  o') 

('().  I.  n 

(0.0.1.01 

O.O.l.O) 

O.O.O.O) 

(1, 1.1,0) 

(i.0.1,0) 

O.O.l.l) 

( 1.  -1.  -1) 

( i.-i.  0) 

( 1.  -1.  1) 

(0, 1,0,0) 

(0,1, ().()) 

0.1.0.11 

(O.l.O.O) 

(T. 1,0.1) 

(1. 1.0.1) 

(  l,  0,  -1) 

(  1,  0,  O') 

(  1.  0.  1) 

(O.l.O.O) 

(1. 1,0.0) 

O.O.O.O) 

(l.I.l.O) 

(1, 1.0,0) 

O.l.O.l) 

( 1,  1.  ■)) 

(  1.  1,  0) 

( I,  1.  li 

0,1. 1.0) 

(l.O.O.O) 

O.O.O.O) 

(1,1, 1.0) 

0.1, 1,0) 

(l.O.O.O) 

Tabic  -4  2-2;  Correspondancc  between  torque  requncmenis  and  thruster  activation 


S/C  in  orbit  onentauon  1 

BBBH 

Orbit  normal 

Orbit  taii&(Cntial 

Nommal 

Set  A  or  Set  B 

Set  C 

- ' 

Set  C 

Set  A 

Set  B 

Brcltup 

Set 

Set  A/B  Set  B/A 

Set  A,'B  or  Set 

B/A  or  Set  C 

2  rcmainms 
thrusters  cl  set  .A 

2  remauimR 
thnisters  ot  set  B 

residual  pitch  disturbance  torque  compensated  by  set  C 


Table  4,2-3:  Thruster  activatjon  for  orbit  corrections 
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OB- 

CU 

Kernel  of  the  ICDS 
(On  Board  Compu¬ 
ter  Unit) 

Ground  Station  IT 

High  priority  telecommand  deco¬ 
ding  ji-Processor  -t-  memory 
Reconfiguration  and  safeguard 
memory 

UPSE 

Thruster  Valve 
Drivers 

Data 

Bus 

Data  Transmission 

Link 

OBDH  protocol  for  ML16/'DSI6 
exchange 

On/Off  command  execution 
Analogic 

Thermistor 

PSSE 

Precision  Sun 
Sensor  Electro¬ 
nics 

pnu 

Platform  Interface 

Unit 

Interface  adaptation  to  AOCS 
sensors 

On/Off  distribution  for  PF  units 
Acquisition  of  PF  units  tempera¬ 
tures 

HLCl 

High  Level 

Priority 

TC-commands 

PFDU 

Platform  Distribuuon 
Unit 

Power  distribution  and  protec¬ 
tion  of  PF  Unit 

Pyro  of  the  whole  S.  C 

I;T  with  PCU  (Power  Conditio¬ 
ning  Unit) 

Battery  protection  H\V 

PF  heater  (relays) 

HLC2 

High  Level 
Priorttv 
Rccontigura- 
tion  Com¬ 
mands 

PLDU 

Payload  Distribution 
Unit 

Power  distribution  and  protec¬ 
tion  of  PA-  unit 

PA-  unit  temperature  acqmsiiion 
PA-  heater  relay 

On/Off  distribution  to  P/L  unii 
TM/TC  of  payload 

SADA 

Solar  Array 

Drive  Assem¬ 
bly 

Table  4,3-1:  Functional  sharing  and  notation  of  ICDS  HAV  units 


Equipment 

Mass 

Power 

Supplier 

Remarks  i 

1  OBCU 

12  kg 

25  W 

DASA 

internally  redundant 

1  PFTU 

6  kg 

7  W 

SEXTANT 

internally  redundant 

1  UPSE 

0  kg 

6  W 

AL 

interaallv  redundant 

1  PSSA 

9  kg 

9  W 

MBB 

internally  redundant 

1  PFDU 

13  kg 

25  W 

SEXTANT 

intemally  redundant 

i  IRS 

27  kg 

8  W 

GALILEO 

1  RIGA 

10  kg 

18  W 

FERRANTI 

4  gyros,  one  scewed 

2  FMW 

IS.4  kg 

19  W 

TELDLX 

redundant  set 

2RW 

10  -  13  kg 

8  W 

TELDIX 

redundant  set 

ISTS 

12  kg 

16  W 

DASA 

Torque-rods 

14.4  kg 

12  W 

FOKKER 

3  coils,  int.  redundant, 
350  Am' 

Table  4.5-1;  Prclinunary  AOCS  equipment  mass  and  power  budgets 
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SUMMARY 

The  paper  reviews  the  advantages  and 
limitations  of  electric  propulsion  for 
lightsats  characterized  by  a  launch  mass 
in  the  300  to  800  Kg  range.  The  considered 
systems  include  ion  propulsion,  arcjets, 
and  stationary  plasma  tinusters  for 
different  applications  such  as  drag 
compensation,  orbit  raising,  fine  trimming 
of  orbital  parameters,  and  various  orb: t 
transfers . 

Electric  propulsion  provides  substantial 
mass  savings  and  turns  out  to  be  an 
enabling  technology  for  certain  lightsat 
missions.  The  constraints  resulting  from 
DC  power  limitations  onboard  small 
satellites  are  discussed,  along  with  the 
implications  on  candidate  technologies  and 
system  solutions.  A  review  of  near  term 
prospectives  of  low  power  ion  t.hrusters, 
for  lightsats  applications,  concludes  the 
paper. 

1.  INTRODUCTION 

Recent  advances  in  electric  propulsion 
have  finally  led  to  consider  its  use  for 
commercial  geostationary  communication 
satellites  stationkeeping.  For  such 
function,  ion  thrusters,  stationary  plasma 
thrusters  (SPT)  and  arcjets  are  currently 
being  planned  on  board  several  new 
satellites.  The  main  attraction  of 
electric  thrusters  lies  in  their  high 
exhaust  velocity  which  is  several  times 
that  of  conventional  chemical  thrusters. 
The  major  benefit  is  represented  by  the 
propellant  mass  reduction  for  orbit 
control  tasks. 

Electric  propulsion  is  also  being 
considered  for  other  near  Earth  propulsion 
applications,  see  e.g.  [1],  in  particular 
for  orbit  transfer  and  manoeuvering  of 
large  spacecraft;  and  for  scientific  and 
interplanetary  missions. 

For  what  concerns  the  electric  propulsion 
applications  to  lightsats,  some  initial 
work  results  from  the  open  literature,  see 
e.g.  [2],  but  no  specific  plans  are  known 
to  the  authors  about  actually  implementing 
electric  propulsion  onboard  lightsats. 
This  is  quite  surprising  because,  in  view 
of  the  specific  constraints  of  small 
satellites,  electric  propulsion  may  be 
considered  an  'enabling'  technology 
without  which  a  number  of  applications 
would  be  almost  unfeasible. 


The  paper  reviews  the  key  features  of 
electric  propulsion  in  the  specific 
context  of  DC-power  limited  lightsats 
characterized  by  a  launch  mass  range  in 
the  300  to  800  Kg,  which  is  most 
appropriate  for  a  number  of  'professional' 
applications,  including  civil  and  defense 
ones . 

2.  ELECTRIC  PROPULSIOM  FOR  LIGHTSATS: 

MOTIVATIONS  AHD  COHSTRAINTS 

The  main  reason  to  consider  electric 
propulsion  is  to  reduce  the  total 
subsystem  mass  for  propulsion-related 
tasks,  thus  maximizing  the  payload  to 
launch  mass  ratio  while  staying  within  the 
launch  mass  bounds  stated  above.  However, 
electric  propulsion  can  be  a  viable 
approach  only  if  the  power  requirements 
are  also  compatible  with  the  DC  power 
limitations,  considering  that  the  lightsat 
power  plant  is  normally  designed  to 
support  the  payload  operation  in  normal 
mode.  We  will  limit  our  considerations  to 
three  E.P.  technologies:  ion  propulsion. 
Stationary  Plasma  Thrusters,  and  arcjets. 

In  the  low-power  range  of  interest  for 
lightsats,  typical  performance  are  given 
in  Table  2.-1  which  envelopes  the 
characteristics  of  a  number  of  existing 
devices.  Two  main  Electric  Propulsion 
applications  are  considered; 

-  orbit  keeping,  which  includes  drag 
compensation,  fine  trimming  of  orbit 
parameters  and,  for  lightsats  in 
synchronous  orbit,  station-keeping.  These 
propulsion  tasks  are  normally  concurrent 
with  payload  operation.  Therefore  E.P. 
applications  are  mainly  power  limited, 
besides  being  also  mass  limited  in  order 
to  result  competitive  with  chemical 
propulsion.  To  exemplify,  we  will  assume 
to  allocate  30  Kg  and  300  w  to  such  E.P. 
functions : 

-  orbit  m,anoeuvering ,  which  includes  orbit 
raising,  circular  to  elliptical  orbit 
transfer,  and  orbits  ci rcularization. 
These  propulsion  tasks  are  performed 
outside  payload  operation.  Therefore  the 
full  lightsat  DC  power,  noniially  used  to 
supply  the  payload  in  normal  mode,  can  be 
made  available  for  Electric  Propulsion. 
Typically,  one  may  allocate  60  Kg  and  up 
to  1200  W  of  DC  power  to  E.P,  functions. 


J4-: 


E.P. 

Technol 

Isp  i 

.  (sec.) 

}pec. pwr 
(VJ/inN) 

Spec. mass  Thrust 
(Kg/mN)  (mN) 

Ion 

2600-3400 

25-30 

2-3  2-60 

SPT 

1400-1800 

19-20 

1.2  ?-80 

Arc jet 

500-600 

8-9 

0.15  150-250 

Table  2 

.-1  Typical  characteristics 

of 

three  E. 

P. technologies 

in 

the  low- 

•power  range 

Considering  typical  values  from  Table 

2. -1,  it  can  be  seen  that  ,  for  orbit¬ 
keeping  tasks,  arcjets  are  severely  power 
limited  and  are  further  penalized  by  the 
poor  Isp  value.  SPTs  are  good  contenders 
to  ion  thrusters,  in  that  they  can  provide 
higher  thrusts  for  the  same  DC  power  at  a 
lower  mass,  but  the  lower  Isp  value  can  be 
critical  for  long-duration  missions.  For 
orbit  manoeuvering  the  available  DC  power 
is  just  at  the  limit  where  arcjets  become 
interesting;  but  SPTs  also  appear  to  be 
good  candidates,  in  view  of  the  better  Isp 
they  can  offer.  Other  considerations,  such 
as  the  time  to  transfer,  must  then  be 
taken  into  account,  in  the  system  trade¬ 
offs,  to  choose  the  right  technology- 

3.  TVPICAL  E.P.  APPLICATIONS  TO  LIGHTSATS 

3,1.  Drag  compensation  for  Observation 
satellites 

Cost-effective  observation  missions  can  be 
conceived  with  individual  satellites, 
launched  on-demand,  or  based  on  small 
satellites  constellations  carrying  SAP  [3] 
or  optical  sensors.  In  both  cases  the 
mission  requires  very  low  orbit  altitudes, 
say  in  the  280  to  600  Km  range,  to 
enhance  the  optical  ground  resolution  or, 
in  the  SAR  case,  to  reduce  the  transmitted 
power  compatibly  with  the  limited 
resources  available  on  a  small  satellite. 

At  these  altitudes  the  residual 
athraospheric  drag  becomes  thj  limiting 
factor  for  the  mission  duration.  Even 
assuming  a  slender  platform  design  and  an 
orientation  of  the  appendages  (i.e.  solar 
arrays,  antennas)  such  as  to  exhibit  a 
minimum  cross  section  in  the  direction  of 
the  flight  path,  the  delta-velocity 
required  to  counteract  the  residual  drag 
becomes  rapidly  unmanageable  with  chemical 
propulsion  for  mission  durations  greater 
than  a  few  months:  see  Table  3.1-1.  which 
is  relevant  to  two  typical  1 iqhtsat 
configurations.  The  determining  factor 


becomes  the 
launch  mass 

propellant 
limits . 

nass , 

given 

the 

The  high 

specific 

impulse 

of 

ion 

propulsion  allows  reducing,  by  a  factor  of 
about  10  w.r.t.  chemical  propulsion,  the 
propellant  mass  required  to  impart  a  given 
total  velocity  increment.  As  a 
consequence,  mission  lifetimes  of  5  years 
can  be  achieved,  which  is  instrumental  to 
implement  small  satellite  constellations 
for  'permanent'  observation  missions.  In 
compari.son,  the  other  E.P.  technologies  do 
not  perform  well  in  this  application 
characterized  by  very  high  required 
velocity  increments. 


With  ion  propulsion  the  applied  thrust 
levels  are  close  to  the  drag  force 
averaged  during  one  orbit  period,  i.e. 
from  3  to  15  mn  for  a  typic.il  small  PAR 
satellite  intended  to  ;ly  at  orbit 
altitudes  as  low  as  JOG  Km.  .thrusts  of 
this  order  can  be  r.odularly  .jc.hieved  by 
putting  low  power  (■  10  m.Nj  ;on  thrusters 

in  parallel  and  imple.-ent  inq  t.hrottlinq  or 
on-off  .modulation  ■iccordi.'iq  to  the 
required  duty. 


Orbit 

Drag  t . ce 

0 

ft 

\ 

Del ta-v 

height 

avgd.  over 

h  r.o. 

S'  years 

(Km) 

1  orbit (mN) 

!  r./  s ) 

(m/s) 

a)  b) 

a)  b) 

•1)  b) 

275  30  15  1155  335 

300  21  10.5  -315  .372 

350  14.2  7.1  551  134 

400  11.7  5.9  457  152 

450  3.9  4.4  :45  ill 

500  7  3.5  .■■■'O  7  0 

■1550  3852 

3150  2721 

5508  1840 

4752  1522 

3452  1152 

3700  902 

,\ssumpticns : 

*  case  a):  S/C  crossectisn  ■; 

drymass  400  Kg: 

r, -2, 

*  case  b):  S/C  crossection  2 

drymass  600  Kg; 

*  worst  year  sun  activity; 

-■2, 

Table  3.1-1  Drag  forces  vs. 

altitude  and 

required  delta-velocities  for 

their  compensation 

Table  3.1-2  gives  propellant 

mass  and  DC 

power  requirements  of  ion  propulsion  vs. 
orbit  altitude  for  a  prospective  small  SAR 
satellite.  For  the  considered  thrust 
levels,  the  DC  power  requirements  are 
compatible  with  spacecraft  allocations.  In 
conclusion,  ion  propulsion  has  to  be 
considered  an  enabling  technology  to 
implement  long  duration  observation 
missions  in  very  low  Earth  orbits. 

Nevertheless  the  operating  time,  of  the 
order  of  40000  hours,  is  of  concern  and 
should  be  properly  .addressed  by  further 
developments.  Efforts  to  further  improve 
the  efficiency  of  low  power  thrusters  are 
also  strongly  reccomended. 


Orbit 

height 

(Km) 

Propel 1 
mass 
(Kg) (1) 

.  Thrusters  N  ' 
■avqe  orb.  duty 

Avge  DC 
power 
(W) , (2) 

275 

90 

2*8mN/0. 94 

450 

300 

62 

2*8mN/0. 66 

320 

350 

41 

SmN/0.33 

240 

400 

34 

S;nN/0 . 

200 

450 

25 

8mN/0. 55 

150 

500 

20 

8mN/0 . 44 

120 

Note  1 ) 

:  based 

on  2800  s.  Isp 

Note  2) 

;  based 

on  30  W/mN 

Table  3 

.  1-2 

Drag  compQn,sat  ion  ion 

propul.sion  requirements  for 
system  b)  of  f.ible  3.1-1 

3 . 2  Fine  trimming  of  constellations 
orbital  parameters 

An  increasing  number  of  small  satellites 
constellations  is  being  proposed  [4]  for 
advanced  communication  and  remote  sensing 
applications:  most  constellations  have 
multiple  satellites  in  one  or  multiple 
orbital  planes;  low  altitude  orbits, 
typically  400  to  1500  Km,  are  normally 
envisaged,  with  a  few  cases  considering 
altitudes  as  high  as  10000  Km. 

Managing  these  complex  systems  will 
require  copying  with  the  launch  systems 
orbit  injection  dispersions,  as  well  as 
maintaining  the  satellites  relative 
phasing  during  the  orbital  lifetime 
against  external  disturbances.  The 
quantization  of  these  effects,  in  terms  of 
propellant  mass,  depends  strongly  from  the 
launch  vehicle  characteristics,  orbit  type 
and  mission  duration,  and  will  not  be 
attempted  here.  The  push  towards  launch 
cost  reduction  might  probably  imply,  in 
the  near  future,  the  use  of  less  accurate 
L.V.  and  greater  injection  dispersions. 
There  is  also  a  clear  trend  to  require 
longer  orbital  lifetimes. 


Both  factors  will  tend  to  increase  the 
propellant  mass  allocated  for  orbit 
control;  this  will  impact  negatively  the 
system  economics,  also  in  view  of  the 
multiplying  effect  due  to  the  large  number 
of  satellites  in  these  constellations. 
Electric  propulsion  may  be  considered  in 
alternative  to  chemical  propulsion  for  the 
potential  mass  saving  it  can  provide, 
specially  in  presence  of  high  orbit 
injection  dispersions  and  long  orbital 
lifetimes.  Constellation  phasing  is  not  a 
time-limited  propulsion  task,  which  will 
enable  using  low  thrust,  high  specific 
impulse,  E.P.  systems.  Suitable  strategies 
for  constellation  phasing  maintenance  can 
be  conceived,  possibly  aided  by  autonomous 
navigation  systems,  to  fully  exploit  the 
E.P.  characteristics, 

3.3  Stationkeepino  of  small  geosynchronous 
satellites 


Small  satellites  in  geostationary  orbit 
can  perform  useful  1  communication, 
meteorological  and  observation  missions. 
Clusters  of  two  to  four  spacecraft  can 
form  a  distributed  satellite  system  having 
enhanced  performance  w.r.t.  a  single 
satellite  of  an  identical  total  mass. 

Assuming  the  availability  of  a  launch 
vehicle  capable  of  directly  injecting  the 
satellites  in  synchronous  orbit  (such  as, 
e.g.  the  Russian  Proton  rocket)  small 
spacecraft  relying  exclusively  on  E.P.  can 
be  conceived. 

The  absence  of  a  bulky  apogee  motor 
greatly  expands  the  spacecraft  design 
freedom,  including  the  positioning  and 
orientation,  or  canting  angle,  of  the  E.P. 
thrusters.  Spacecraft  incorporating 
several  small  thrusters  may  implement  both 
orbit  control  and  external  torques 
compensation  for  attitude  control. 


Table  3. 3.-1  gives  the  essentials  of  an 
initial  concept  for  a  high  performance 
small  geostationary  satellite.  Basic 
features  are  the  low  power/ Jow  thrust  ion- 
thrusters,  the  resulting  overall  low  E.P. 
system  mass,  the  high  achievable  payload 
to  satellite  launch  mass  ratio,  the 
absence  of  any  Kind  of  .chemical 
propulsion. 


*  Satellite  launch  m.ass  (Kg) 

600 

*  Payload  mass  (Kg) 

240 

*  Payload/launch  mass  ratio 

>  0.4 

»  Orbital  lifetime,  years 

I  5 

*  Rqrd.  total  velocity 

increment (m/s)  N-S/S.K. 

700 

E-W/s.K. 

70 

*  Ion  thrusters  number 

10  to  12 

•  Thrust  levels(mN)  H-S/S.K. 

8mN  {2»4mJ4) 

E-W/s.K. 

4mN  (2*2mN) 

*  Total  prop. mass  (Kg) 

<  18 

»  Avge  dayly  thrusting  time 

N-S/S . K. 

2.66  hours 

E-K/S.K. 

32  min. 

*  E.P.  system  mass  (Kg) 

3  0  (est.  ) 

»  E.P.  peak  DC  pc'/;er  'K) 

240 

»  Dayly  energy  needs  r  Kl-fh ) 

0.7 

*  Feasible  co.ntroi  toraues 

in  pi tch ,  roi  1 , y<aw 

3*10-3  !!r, 

Table  3.3-1  Main  features  oi  a  small 


geostationary  satellite  using 
small  ion  thrusters 


3 . 4  Circular  orbit  raising 

Several  small  launch  systems  are  becoming 
available,  capable  of  direct  injection  in 
L.E.O.  of  spacecraft  with  launch  masses  in 
the  350  Kg  to  one  ton  range  The  L.V. 
payload  carrying  capability  decreases 
rapidly,  however,  with  circular  orbit 
altitude  injection:  therefore  it  nay  ,  be 
preferable  to  inject  in  a  relatively  low- 
orbit  a  more  massive  payload,  comprising  a 
satellite  and  a  boost  motor,  using  the 
latter  for  orbit  raising.  Typical  cases 
may  be  represented  by  a  copianar  orbit 
raising  from  a  400  Km  initial  orbit  to  a 
final  circular  orbit  of  800  to  2000  Km: 
the  resulting  velocity  increments  are 
given  in  Table  3.4-1. 

Chemical  boost  motors  are  normally 
envisaged  for  cost  and  technology  maturity 
reasons,  but  their  .-mass  constitutes  a 
significant  fraction  of  the  L.V.  payload 
and  will  reduce,  in  proportion,  the 
satellite  mass  and  its  payload. 

Electric  propulsion  can  be  considered  in 
alternative,  also  because  during  orbit 
raising  the  payload  is  not  operative:  the 
full  satellite  DC  power  is,  thus,  in 
principle  available  for  E.P.,  with  the 
constraints  given  by  earth  eclipses. 

Continuous  thrusting  is  therefore  assumed 
only  during  60  %  of  the  orbit  period,  with 
the  thrust  vector  tangent  to  the  orbit 
plane.  Table  3.4-1  compares  approximately 
estimated  values  for  propellant  mass  and 
orbit  tranfer  times  for  the  candidate  E.P. 
technologies  w.r.t.  a  chemical  one. 
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Final 

.  orbit  altitude 

(Km)  (1) 

800 

1400 

2000 

★ 

Delta-V. (m/s) 

217 

510 

772 

* 

Prop. mass 

(Kg) , (2)  : 

- 

chemical  (4) 

48 

120 

190 

- 

ion  (5) 

4 . 6 

11 

17 

- 

SPT  (6) 

8 . 2 

19 . 5 

29.6 

- 

Arejet  (7) 

26. 5 

64.6 

100 

* 

Trip  time 

(days)  (3): 

- 

chemical 

<1 

<  1 

<1 

- 

ion 

76 

178 

270 

- 

SPT 

51 

120 

180 

Arejet 

21 

50 

75 

1) 

400  Km  initial 

circular 

orbit ; 

2) 

600  Kg  spacecraft 

3) 

thrust  levels: 

ion=  40 

mN ; 

SPT=  60 

mN ; 

arcjets=  150 

mN; 

4) 

Isp=280  s;  5)  Isp=2800 

s ; 

6) 

Isp=  1600  s;  7) 

Isp=500 

s ; 

Table  3.4-1  Electric  Propulsion  systems 


for  Orbit  Raising 


Table  3.4-1  shows  that  low  power  arcjets 
are  good  candidates  for  high  altitude 
differentials,  providing  good  mass  savings 
with  reasonable  transfer  times.  On  the 
contrary,  ion  thrusters  and  SPTs  are 
marginal  and  can  be  only  considered  tor 
small  altitude  increments,  otherwise  too 
long  tranfer  times  will  result.  In 
conclusion,  low  thrust  electric  propulsion 
can  be  considered  for  circular  orbit 
raising  of  small  satellites  when  a  short 
transfer  time  is  not  mandatory. 

When  orbit  raising  must  be  implemented  in 
a  very  short  time,  as  for  example  with 
satellites  launched  on-demand,  then 
chemical  propulsion  is  still  the  preferred 
approach . 

3.5  Circular  to  elliptical  orbit  transfers 

Elliptical  inclined  orbits  are  being 
considered  with  'ncreasing  interest  for 
numerous  applications,  and  there  are  plans 
to  realize  small  satellite  constellations 
exploiting  the  particular  features  of  such 
otbits.  However,  the  injection  capability 
of  small  launchers  in  elliptical,  high 
energy,  orbits  is  normally  rather  poor, 
and  one  has  ,  again,  to  rely  on  boost 
motors  to  implement  the  final  orbit 
transfer,  for  which  two  important 
considerations  apply. 


1  $  i  Cl'irular  tn  •lll0Mr«l 

0«l««  y  ••  tt'ti 


First,  very  high  delta-velocities  are 
required,  see  Fig.  3.5-1.  Second, 
commercial  communication  satellites 

injected  in  elliptical  orbits  can  be 
planned  and  launched  well  in  advance  of 
the  need  date.  Long  trip  times  are,  thus, 
relatively  unimportant  but  mission 
complexity,  costs,  reliability  and 
operational  considerations  may  put  an 
upper  bound  to  the  maximurr.  acceptable  trip 
time. 

Electric  Propulsion  alternatives  to 

chemical  are  SPTs  and  arcjets,  with  the 
same  characteristics  given  in  Table  3.4-1. 
Simplified  computations  tor  transfers  of  a 
500  Kg  spacecraft  in  transfer  orbit  from 
an  initial  400  Km  circular  orbit  to  three 
destination  elliptical  orbits  of  8,  12 

and  24  hours  periods  were  performed. 

Near-ideal  transfer  was  simulated  by 

firing  thrusters  for  1/4  of  the  orbit 
period  about  the  perigees  until  the  final 
apogee  was  reached,  then  tiring  the 

thrusters  for  1/4  of  the  crbit  period 
until  the  final  perigee  was  also  reached. 
Propellant  mass  required  by  SPTs  and 

arcjets  are  reported  :r.  Table  J.i-l. 

Destination  Orbit  [1) 

a)  D)  c) 

**  Ideal  Tranter: 

-  Delta-V. 

(m/s):  2350  .3550  3450 

-  T.O.mass/ 
propell . mass 
(Kg) (2)  : 

chemical  1157.'657  124  3/74  3  17  14/  1214 

arejet  800/300  S32/332  996/496 

SPT  579/79  586/66  620/120 

**  Hon-ideai  Transfer,  /trejet: 

-  T.O.  mass/ 
propell . mass 

(Kg) (3):  858/358  898/398  1105/605 

-  Trip  tine 

(days)  363  394  530 

Cnaracterist ICS  or  Lest nation  Orbits: 

a)  Apogee:  32  4  30  Km;  Fen  gee: 8107  Km; 

Period:  3  hours; 

b)  Apogee:  45150  Km:  F'c-r  iqce : ''968  Km; 

Period: 12  hours; 

c)  Apogee: 59030  Km:  Perigee:  25298  Km; 

Period:  24  hours; 

Note  1)  Starting  orbit:  circular,  400  Km; 

"  2)  Satellite  drv’m.ass:  500  Kg 

"  3)  Including  Delta-V  increment  (15%) 

for  non  ideal  transfer 

Table  3.5-1  E.P.  alternatives  to  chemical 
propulsion  tor  circular  to 
elliptical  orbits  tranfers 


For  the  arejet  case,  a  non-ideal  transfer 
was  .also  simulated,  and  the  propellant 
mass  recomputed  taking  into  account  a  15  % 
worsening  in  the  delta-velocity  reguired 
due  to  the  non-ideal  tranter  conditions. 
As  can  be  seen  the  trip  times  are  quite 
high  in  all  cases:  a  30  I  reduction  can  be 
achieved  increasing  the  arejet  thrust  to 
220  mN,  which  would  nevertheless  imply  the 
availability  of  1.8  Kw  DC  power.  This 
might  necessitate  an  auxiliary  array  in 
the  E.P.  boost  section,  impacting  costs. 


There  are  several  additional  positive  and 
negative  factors,  to  be  taken  into 
account,  which  may  affect  the  trip  time; 
but  in  conclusion  the  feasibility  of  using 
low  power  arc jets  in  power  limited 
lightsats  for  low  altitude  circular  to 
elliptical  orbits  coplanar  transfers  has 
to  be  considered  still  problematic. 

3 . 6  Orbits  circularization 

This  propulsion  task  refers  to  satellites, 
injected  in  elliptical  transfer  orbit  by  a 
L.V.,  whose  final  destination  orbit  is 
circular  with  a  radius  normally  coincident 
with  the  T.O.  apogee.  Typical  cases  are 
geostationary  orbits  and  medium  altitude 
circular  orbits  of  about  10000  Km  as 
envisaged,  for  example,  by  TRW's  Odyssey 
and  ESA's  MAGSS-14  constellation  [5]. 


Electric  propulsion  is  compared  to 
chemical  in  Table  3.6-1.  for  these  two 
typical  missions.  Arc jets  are  found  to 
perform  acceptably  well  in  this  case, 
since  trip  times  around  200  days  can  be 
achieved  along  with  significant  mass 
savings  w.r.t.  a  chemical  propulsion 
alternative.  The  better  mass  saving 
achievable  with  SPTs  is,  instead,  paid 
with  an  excessive  trip  time  duration. 


**  T.O.  characteristics: 

-  Perigee  (Km) 

-  Apogee  (Km) 

**  Destination  Orbit 

characteristics: 

-  Radius  (Km) 


(Kg)  (1)(2): 
chemical 
arcjet 
SPT 

Trip  times  (days) 

cnemical 

arcjet 

SPT 


6678 

6778 

42164 

16728 

42164 

16728 

:  1476 

1174 

mass 

844/344 

760/260 

700/200 

655/155 

555/55 

544/44 

<1 

<1 

227 

182 

n .  a . 

453 

Note  1) :  Satellite  drymass  500  Kg; 

"  2)  :  Including  a  .  increase  in  delta 

velocity  due  co  non-ideal  tranfers 


Table  3.6-1  E.P.  alternatives  for  Orbit 
Circularization 


4.  REVIEW  OF  SYSTEM  NEEDS 


From  this  overview  two  E.P.  technologies 
appear  to  have  a  future  on  power  limited 
lightsats: 

-  small  ion  thrusters  for  drag 
compensation,  limited  orbit  raising,  orbit 
circularization  and  fine  trimming  of 
orbital  parameters  of  small  satellites. 
The  required  thrust  levels  are  in  the  2  to 
10  mN  range.  a  modular  approach  enabling 
parallel  operation  of  thrusters  is  also 
required.  Full  thrust  control,  over  a  30% 
to  120  %  range  of  the  design  thrust  level, 
is  an  important  design  requirement.  An 
overall  specific  power  of  40  W/mN  maximum 
(30  W/mN  as  a  goal),  and  a  specific  system 
mass  of  less  than  1  Kg/mN  maximum  (0.7 
Kg/mN  as  a  go. 1),  including  power  supply 


and  logic  should  be  set  as  near  term 
development  objectives.  Isp  values  better 
than  3000  sec.,  and  very  long  lifetimes, 
of  the  order  of  40000  hours,  are  also 
primary  requirements; 


-  low  power  arejets  in  the  1 
range,  for  orbit  manoeuvering 
such  devices  efforts  should  be 
possibly  bring  the  Isp  closer 
for  thrusts  in  the  150  to  250 
with  an  overall  specific  power 
8  W/mN  including  power  supply. 


to  1.2  Kw 
tasks.  For 
devoted  to 
to  600  sec. 

mN  range, 
better  than 


On  the  other  hand  stationary  plasma 
thrusters  do  not  seem  to  have  a  clear  role 
for  lightsats,  at  least  in  their  present 
power  and  th*"-  .  level  range.  Scaling  down 
SPTs  to  low  chrust  values  (say  below  10 
mN) ,  while  keeping  unchanged  their 
excellent  performance,  in  particular 
efficiency  and  si.mplicity,  is  yet  unproven 
but  might  be  worth  being  investigated. 


5.  NEAR  TEPFI  TECHNOLOGY  FROSPECTIVES  OF 
LOW  POWER  ION  THRUSTERS 


For  the  considered  thrust  range,  new 
devices  based  on  the  Electron  Cyclotron 
Resonance  (ECR)  [2]  are  presently  under 
evaluation,  aiming  to  further  improve  the 
ion  thruster's  performance. 


The  ECR  technique  allows  operating  over  a 
wider  thrust  range  by  changing  the  mass 
flow  rate  in  the  discharge  chamber 
enhancing  the  electrical  efficiency  and 
gas  consumption  over  a  wider  pressure 
range  than  the  conventional  RF  and  Kaufman 
technologies.  ECR  appears  particularly 
indicated  for  small  size  ion  thrusters, 
for  which  it  is  also  easier  to  achieve  the 
optimum  static  magnetic  field  necessary 
for  resonance. 

The  ECR  technique  consists  in  applying  a 
static  magnetic  field  ,  orthogonal  to  the 
direction  of  an  oscillating  RF  field,  so 
that  electrons  are  forced  to  rotate  within 
the  thruster's  discharge  chamber,  around 
the  magnetic  field  lines  at  a  cyclotron 
freguency  given  by:  Fc=  eB/Znir:.  The  mean 
energy  per  collision,  transferred  to  an 
electron,  is: 

Wc=  (e*E' /4m)  (  1/ (4ti'  (F-Fc)  ■>  ( i/T’  )  )  ,  with: 

B=  magnetic  field:  e=  electron  charge: 
ra=  electron  mass;  £=  applied  electric 
field  peak  amplitude:  t=  mean  time  between 
two  consecutive  collisions,  inversely 
proportional  to  gas  pressure:  F=  frequency 
of  the  applied  RF  field. 

At  resonance  F=Fc,  .and  the  quantity  Wc 
assumes  its  maximum  value:  V'c  =  (eET)‘/4n, 
which  depends  only  on  collision  interval 
and  electric  field  peak  value.  Clearly  the 
maximum  benefits  cf  the  ECR  effect  is 
achieved  in  the  low  pressure  range,  being 
the  collision  frequency  proportional  to 
the  operating  gas  pressure. 

For  a  ion  propulsion  system  in  the 
millinewton  range  a  RF  excitation  in  the 
VHF  range  proves  advantageous  for  the 
following  considerations: 
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-  it  is  possible  to  use  a  low  level  static 
magnetic  field  to  reach  the  resonance 
condition,  e.g.  36  Gauss  for  resonance  at 
100  MHz.  A  lower  thruster  mass  can  be  thus 
achieved ; 

-  since  the  wavelenght  is  much  higher  than 
the  chamber  dimensions,  problems  arising 
from  energy  propagation  into  plasma  can  be 
avoided,  in  case  of  VHF  excitation,  plasma 
generation  is  infact  achieved  through  a 
"near  field"  mechanism  so  that  no  cut-off 
frequency  exists; 

-  it  is  possible  to  use  coupling 
electrodes,  for  the  VHF  RF  field,  outside 
the  discharge  chamber,  due  to  the  limited 
power  losses  for  irradiation  and 
absorption  in  the  chamber  walls,  compared 
to  the  usefull  power  transferred  to  the 
plasma . 

Considering  a  thrust  level  in  the  2  to  10 
mN  range,  and  a  cylindrical  discharge 
chamber  of  3  to  5  cm  radius,  three 
conditions  are  required  to  fully  exploit 
the  ECR  benefits: 

1)  F  >>  1/t,  i.e  about  2  MHz  considering 
a  pressure  of  10 '-4  Torr  and  an  electron 
energy  of  13eV.  This  condition  ensures 
that  electrons  turns  around  the  magnetic 
field  many  times  between  consecutive 
collisions ; 

2)  R  <  1  cm,  where  R  is  the  gyration 
radius  of  the  electron  in  presence  of  a 
magnetic  field  directed  along  the  chamber 
axis.  This  condition  ensures  that  the 
electron  trajectories  are  contained  in  the 
discharge  chamber: 

3)  EM  field  wavelenght  >>  3i5  cm.  This 
condition  avoids  propagation  problems  in 
the  plasma. 

In  summary,  the  ECR  technique  is  expected 
to  provide  substantial  improvements  in  low 
power  ion  thrusters  performance,  enhancing 
the  advantages  of  traditional  RF  techniqes 
in  combination  with  others  typical  of  the 
Kaufman  technology.  The  main  features  of 
the  ECR  technique  are  summarized  as 
follows : 

-  ECR  sources  do  not  have  components 
subjected  to  wearout,  as  cathodes  or 
accelerating  electrodes,  in  the  plasma 
chamber. 

Problems  of  sputtering  erosion  inside  the 
chamber  are  thus  eliminated,  impacting 
positively  the  thruster  lifetime. 
Moreover,  it  is  possible  to  realize  the 
discharge  vessel  with  materials  having 
high  secondary  electron  emission 
coefficients,  scarcely  sensitive  to 
erosion  and  capable  of  reducing  electron 
losses  from  plasma  towards  the  vessel 
walls. 

-  The  plasma  produced  by  the  ECR  is  highly 
uniform,  both  in  density  and  temperature. 
Achievable  electron  densities  are  of  the 
order  of  10' 12  electrons/cm' 3  at  pressures 
in  the  range  of  10'-4  •=  10'-5  Torr,  thus 
facilitating  beam  extraction  optimization. 


-  The  ECR  technique  is  specially 
advantageous  for  ion  thrusters  operating 
at  low  thrust  levels  (  2:10  mN)  where  it 
reduces  considerably  the  instability 
phenomena  inside  the  plasma.  Low  thrusts 
are  related  to  small  chamber  dimensions, 
which  simplifies  the  realization  of  a 
uniform  magnetic  field  in  the  discharge 
vessel,  and  requires  less  DC  power. 
A  ^..lall  chamber  also  requires  small 
electrodes  for  electromagnetic  energy 
transfer,  with  lower  losses  due  to  EM 
irradiation  and  vessel  walls  absorption. 

Furthermore,  for  constant  average  bean 
current  densities,  thruster  throttling  is 
accomplished  Keeping  the  mass  flow  rate 
to  beam  area  ratio  constant.  A  reduced 
flow  rate  is  associated  with  a  pressure 
regime  within  the  discharge  chamber  where 
ECR  proves  more  efficient  and  stable  than 
other  traditional  excitation  techniques. 

-  The  grid  extraction  system  can  be 
designed  and  optimized  on  the  basis  of  the 
enhanced  plasma  characteristics  typical  of 
the  ECR  technique.  In  this  direction  PROEL 
is  investigating  also  new  technologies 
(patent  pending)  for  t.he  realization  of 
grids  with  a  geometry  having  a  high 
transparency  factor  to  ions,  while 
maintaining  good  mc-chanicai  resistance  and 
the  capability  to  survive  to  sputtering 
erosion . 

The  use  of  a  high  melting  point  refractory 
material,  coated  with  suitable 
antisputtering  protection  layer,  is  the 
solution  to  long  lifetime  requirements. 

6.  CONCLUSIONS 

Electric  propulsion,  and  in  particular 
advanced  ion  propulsion,  i.s  an  enabling 
technology  tor  the  feasibility  of  very  low 
Earth  orbit  missions,  in  power-limited 
lightsats,  where  drag  is  the  dominant 
effect. 

Furthermore,  low  power  ion  thrusters  are  a 
good  system  alternative  tor  propulsion 
tasks  requiring  the  steady  application  of 
low  thrust  levels  over  extended  periods  of 
time  to  implement  a  given  velocity 
correction.  Nevertheless  very  long 
lifetimes,  of  the  order  of  20000  to  40000 
hours,  must  be  reliably  demonstrated. 
Improvements  in  mass  and  power  efficiency 
of  such  low  power  thusters  would  also 
benefit  the  lightsats  design. 

Low  power  arejets,  in  the  1  Kw  range,  have 
also  promising  applications  for  certain 
orbit  manoeuvering  tasks,  and  their 
development  should  be  further  pursued. 
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1.  INTRODUCTION 

In  the  three  decades  that  have  elapsed  since  the  beginning 
of  the  space  age,  satellites  have  increased  in  performance 
and  capability  by  orders  of  magnitude.  Demands  for  more 
capacity  have,  in  many  cases,  been  met  by  merely 
increasing  the  size  and  weight  of  the  satellites,  with  more 
channels  for  communication  or  more  memory  or  more 
processing  capability,  but  still  representative  of  the 
existing  state-of-the-art.  In  general,  the  size  of  satellites 
has  grown  significantly  over  the  early  trail-blazer 
versions  with  their  admittedly  limited  capabilities.  Yet, 
there  are  indications  that  we  still  have  a  long  way  to  go 
before  the  ultimate  limits  are  reached  in  “making  things 
small." 

In  the  present  economic  climate,  it  appears  certain  that 
there  will  be  significant  cutbacks  in  most  areas  of  the 
defense  budget,  including  military  space  systems.  The 
Department  of  Defense  (DoD)  and  the  defense  industry  will 
be  expected  to  design  and  field  more  advanced  and  more 
efficient  space  systems.  These  newer  systems  must,  and 
will,  make  even  more  use  of  miniaturized,  high  technology 
components  than  are  incorporated  in  our  current  stable  of 
satellites.  Using  this  philosophy,  future  systems  can  be 
expected  to  have  equal,  if  not  greater,  capabilities  than 
most  of  the  current  systems  on  a  unit  weight  basis.  Upon 
implementation  of  this  philosophy  of  reduction  in  the  size 
and  cost  of  both  satellites  and  their  booster  rockets,  we 
will  have  made  major  steps  toward  synergistically 
satisfying  emerging  national  needs  for  responsive  and 
reconslitutable  space  systems. 

The  Defense  Advanced  Research  Projects  Agency  (DARPA) 
is  the  central  research  and  development  organization  of  the 
DoD  and.  as  such,  has  the  primary  responsibility  for  the 
maintenance  of  U.S.  technological  superiority  over 
potential  adversaries.  DARPA's  programs  focus  on 
technology  development  and  proof-of-concept 
demonstrations  of  both  evolutionary  and  revolutionary 
approaches  for  improved  strategic,  conventional,  rapid- 
deployment  and  sea  power  forces  and  on  the  scientific 
investigation  into  advanced  basic  technologies  of  the 
future.  DARPA  can  move  quickly  to  exploit  new  ideas  and 
concepts  by  working  directly  with  industry  and 
universities. 

For  four  years,  DARPA’s  Advanced  Space  Technology 
Program  (ASTP)  has  addressed  various  ways  to  improve  the 
performance  of  small  satellites  and  launch  vehicles.  The 
advanced  technologies  that  are  being  and  will  be  developed 
by  DARPA  for  small  satellites  can  be  used  just  as  ea.sily  on 
large  satellites.  The  primary  objective  of  the  ASTP  is  to 
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enhance  support  to  operational  commanders  by 
developing  and  applying  advanced  technologies  that  will 
provide  cost-effective,  timely,  flexible  and  responsive 
space  systems.  Fundamental  to  the  ASTP  effort  is  finding 
new  ways  to  do  business  with  the  goal  of  quickly  inserting 
new  technologies  into  DoD  space  systems  while  reducing 
cost.  In  our  view,  these  methods  arc  prime  examples  of 
what  may  be  termed  “technology  leveraging." 

The  ASTP  is  a  multidisciplinary  technology  development 
effort  aimed  at  quickly  exploiting  advanced  technologies. 
Included  in  the  program  arc: 

•  Sponsorship  of  the  initial  launches  of  the 
Pegasus  Air-Launched  Vehicle  (ALV)  and  the 
development  of  a  Standard  Small  Launch  Vehicle 
(SSLV); 

•  Development  of  enabling  technologies 
subdivided  into  satellite  support  subsystems, 
satellite  payloads  and  communication  terminals; 

•  Development  and  launch  of  small  satellites  for 
demonstration  to  and  evaluation  by  the  military 
Services.  Included  in  this  area  arc  the  Multiple 
Access  Communications  Satellite  (MACSAT) 
program  and  the  Microsat  program; 

•  Development  of  a  standardized,  multimission 
common  bus  under  the  Advanced  Technology 
Standard  Satellite  Bus  (ATSSB)  program;  and 

•  Development  of  two  advanced  technology 
satellite  demonstrations  scheduled  for  launch  in 
the  mid- 1990s.  The  Advanced  Satellite 
Technologies  for  EHF  Communication  (ASTEC) 
program  will  develop  and  launch  two  EHF 
payloads.  The  Collaboration  on  Advanced 
Mullispectral  Earth  Observation  (CAMEO) 
program  will  develop  and  launch  a  muitiple-usc, 
remote  sensing,  mullispectral  payload. 

The  ASTP  has  initiated  over  50  technology  projects,  many 
of  which  have  been  completed  and  transitioned  to  users. 
The  objectives  are  to  quickly  qualify  these  higher  risk 
technologies  for  use  on  future  programs  and  reduce  the  risk 
of  inserting  these  technologies  into  major  systems,  and  to 
provide  the  miniaturized  systems  that  would  enable  smaller 
satellites  to  have  significant  -  rather  than  limited  -- 
capability.  Only  a  few  of  the  advanced  technologies  can 
be  described  here,  the  majority  of  which  arc  applicable  to 
both  large  and  small  satellites. 


*  The  authors  wish  to  acknowledge  the  valuable  contributions  of  LTC  Robert  J.  Bonometti.  DARPA.  and  John  Draim. 
Space  Applications  Corporation. 
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2.  ENABLING  TEC.INOLOGY  PROGRAMS 

2.1  Subsystems 

A  significant  portion  of  the  ASTP  effort  is  devoted  to  the 
development  of  satellite  subsystem  technologies. 
Subsystems  such  as  power  supplies,  attitude  determination 
and  control  devices,  communications,  computer 
processing  and  memory  storage,  propulsion  units  for 
stationkeeping  and  repositioning  are,  of  necessity, 
present  on  virtually  every  satellite  {whether  “light”  or 
“heavy").  All  of  these  items  contribute  to  the  weight  of 
the  satellite  on-orbit;  thus,  major  reductions  in  weight  and 
vost  not  only  benefit  the  satellite,  but  also  aid  in  reducing 
the  size  and  cost  of  the  booster  vehicles  that  put  them  in 
orbit.  The  ultimate  objective  is  to  minimize  the  size  and 
maximize  the  efficiency  of  launches  vehicles  and  the 
satellite  bus  so  that  the  "business  end"  of  the  the  space 
system  —  the  payload  -  comprises  a  much  more  significant 
fraction  of  the  overall  satellite  weight. 

2.1.1  Lightweight  Reaction  Wheel 

The  Lightweight  Reaction  Wheel  (LRW)  is  a  magnetically 
suspended  reaction  wheel  with  redundant  electronics  that 
will  provide  five  times  the  momentum  of  existing  units  at 
the  same  weight,  with  growth  potential  to  ten  times  the 
momentum,  by  using  magnetic  bearings  in  lieu  of  ball 
bearings  and  faster  rotational  speed.  The  LRW  requires 
25  percent  less  power  and  can  be  used  on  all  satellites;  its 
higher  speed  and  reduced  bearing  vibrauon  potentially  can 
benefit  operation  of  onboard  sensors  (e.g.,  less  “bliuring” 
of  a  sensor's  image).  This  effort  is  aimed  at  the  design  and 
delivery  of  a  prototype  LRW  for  testing  and  subsequent  use 
on  a  satellite.  The  prototype  LRW  will  be  flown  on  an 
upcoming  Air  Force  Space  Test  Program  flight. 

2.1.2  Miniature  Global  Positioning  System  Receiver 
This  effort  is  a  technology  development  project  to  design, 
fabricate,  develop,  deliver  and  demonstrate,  in  an 
operational  environment,  a  space-qualified,  multichannel 
Global  Positioning  System  (GPS)  receiver  than  can  be  used 
to  support  autonomous  navigation  onboard  spacecraft 
IFigure  1).  The  GPS  receiver  will  enable  the  simultaneous 
reception  of  multiple  GPS  navigation  signals,  thereby 
providing  greater  position  accuracy  in  comparison  with 
currently  available  receivers  that  scouenlially  receive  the 
multiple  GPS  navigation  signals.  The  use  of  gallium 
.arsenide  (GaAs)  technology  has  enabled  this  more 
“powerful"  receiver  to  fit  in  a  much  more  compact  package 
(one-tenth  the  size  of  previously  space-qualified 
receivers).  The  GPS  receiver  is  scheduled  to  “fly”  on 
several  space  missions  beginning  in  1993. 

2.1.3  Attitude  Determination,  Control  and  Navigation 
System 

A  single,  fully  integrated  guidance,  navigation  and  control 
system  is  being  developed  under  the  Attitude 
Determination,  Control  and  Navigation  System  (ADCNS) 
project.  It  will  use  low  cost  star  trackers,  fiber  optic 
gyros,  generic  VHSIC  space-borne  computers  and  the 
ASTP-dcvelopcd  GPS  receiver  (see  paragraph  2.1.2),  The 
strap-down  star  tracker  is  designed  to  determine  attitude  by 
recognizing  star  patterns  via  an  acquisition  search  pattern 
(a  slow  attitude  change  maneuver)  and  maintain  that 
attitude  determination  in  any  orientation  via  nearly 
continuous  star  tracking.  Low  cost,  highly  reliable  fiber 
optic  gyros  provide  attitude  determination  during  high 
slew  rate  maneuvers,  smoothing  between  star  sightings 
and  rate  stabilization.  Spacecraft  autonomy  is  maintained 
by  using  the  GPS  for  navigational  updates.  Advantages  of 


this  project  include  a  star  pattern  recognition  algorithm 
that  eliminates  the  need  for  an  initial  attitude  acquisition 
sensor  (i.e.,  no  sun  or  earth  sensor  is  required)  and  generic 
applicability  to  all  thrcc-axis.  stabilized  spacecraft. 


Figure  1.  Miniature  GPS  Receiver 


2.y.d  Inflatable  Torus  Solar  Array  I'echnoloey 
Solar  arrays  typically  provide  spacecraft  power.  ,.\t 
resent,  as  the  amount  of  power  required  increases,  the  size 
;md  weight  of  the  solar  arrays  increase  --  a  situation  that 
necessarily  constrains  the  capabilities  of  payloads  on 
small  satellites.  Tlie  ASTP’s  Inflatable  Torus  Solar  Array- 
Technology  (ITSAT)  project  aims  to  make  possible  space 
missions  that  arc  otherwise  impossible  by  providing 
increased  available  power  while  maintaining  small  launch 
volume  and  weight.  An  inflatable,  self-rigidizing  torus 
structure  supports  the  solar  cci!  blanket.  The  modular 
design  -'ijows  for  easy  insertion  of  new  solar  cell 
teef  including  thin  film  arrays  The  current  ITSAT 

under  development  has  design  goals  of  100  waits/kg  and 
120  waits/m^. 

2.1 .5  Miniaturized.  Low-Power  Parallel  Processor 

The  basic  goal  of  the  Miniaturized,  Low-Power  Parallel 
Processor  technology  development  project  is  the 
reduction,  by  an  order  of  magnitude,  of  onboard  processor 
size,  weight  and  power  consumption  lor  space-based 
.sensor  systems.  Such  processors  must  employ  massively 
parallel  architectures  with  large  numbers  of  processing 
elements  m  rider  to  ac.iieve  the  high  ihroughputs  required 
(up  to  lens  of  billions  of  operations  per  second  or  more). 
The  approach  for  achieving  this  goal  is  to  use  three- 
dimensional,  hybrid  wafer  scale  interconnect  and 
packaging  technology.  In  this  concept,  individual 
modules  with  multiple,  unpackaged  semiconduemr  chips 
arc  compactly  inlercormcctcd  into  a  high  density  package 
with  substantial  weight  and  power  savings  over  existing 
packaging  approaches  (Figure  2). 

2.1 .6  Magnetic  Disk  Mass  Memory 

Rotating  disk  memory  subsystems  have  been  a  leading 
technology  product  for  many  years.  Although  not  widely- 
applied  to  space  applications,  they  represent  it-ite-of-the- 
art  for  high  density,  mechan  cal  memory  .s-ab-ystems. 
Tliey  are  less  complex  and  have  fewer  potential  mechanical 
failure  points  than  traditional  spaceborne  tape  recorder 
systems.  The  objective  of  the  Magnetic  Disk  Mass 
Memory  project  is  to  develop  a  magnetic  rotating  disk 
memory  subsystem  that  will  provide  up  to  1  Gigabyte  of 
high-speed  data  storage.  TTie  effort  will  review  available 
optical  and  magnetic  disk  equipment,  determine  the 
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HWSI  Substrate 


Figure  2.  Miniaturized,  Low-Power  Parallel  Processor 
Using  3-D  HWSI 

physical  and  environmental  requirements  for  operation 
aboard  a  spacecraft,  and  design  and  fabricate  an  enclosure 
suitable  for  space  flight. 

2.2  Payload  Technologies 

in  addition  to  providing  more  room  for  payloads  on 
satellites,  we  intend  to  increase  the  number  of  bits  or 
pixels  per  pound  for  communications  and  optical 
payloads.  Several  projects  have  been  initiated  to  do  just 
that.  In  this  section,  we  discuss  some  of  our  EHF.  UHF  and 
laser  communication  initiatives  and  several  of  our  optical 
technologies  initiatives. 

2.2J  FMF 

2.2.1 .1  Payload  Concept 

The  most  promising,  new.  near-term  technology  for 
protected  communications  employs  the  EHF  band 
(approximately  44  GHz  uplinks  and  approximately  20  GHz 
downlinks).  The  ASTP  has  several  technology  projects 
underway  that  synergistically  complement  and  support 
other  DoD  work  in  the  EHF  arena,  including  the 
application  of  advanced  technologies  that  would 
significantly  reduce  the  size,  weight,  volume  and  power 
requirements  of  existing  EHF  systems.  We  are  striving  for 
a  65  percent  reduction  in  required  power  compared  with  the 
present  technology  base.  Within  five  years,  further 
technology  advances  should  provide  an  additional 
30  percent  reduction  in  weight  and  power.  Presently,  our 
studies  indicate  a  payload  weight  of  approximately 
67  pounds  for  a  35-channel,  low  data  rate  (LDR)  EHF 
package  is  possible  (compared  to  the  existing  225-pound 
package).  A  highly  efficient.  2  watts.  20  GHz 
transmitting,  high-power  amplifier  yields  an  overall 
efficiency  of  at  least  35  percent;  it  uses  a  recently 
developed  (DARPA-sponsored)  GaAs  permeable  base 
transistor.  Also  being  developed  for  this  project  arc  a 
high-speed  signal  processor,  lightweight  signal  generator 
and  lightweight  scanning  antenna.  The  44  GHz  scanning 
antenna  has  a  variable  bcamwidth.  making  it  capable  of 
operating  in  elliptic,  as  well  as  circular,  orbits. 

2. 2. 1.2  Spherical  Lens  Antenna 

The  Spherical  Lens  Antenna  project  has  as  its  objective 
the  development  of  a  wide  field-of-view  (WFOV). 
electronic  scar  ing.  multibeam  EHF  antenna  capable  of 
nulling  interfering  signals  and  operating  in  a  variety  of 
orbits,  including  those  that  arc  highly  elliptical.  The 
antenna's  radiating  aperture  is  a  sphere  of  solid  dielectric 
that  provides  a  graduated  index  of  refraction  to  form  the 


radiating  aperture.  Feedhorns  are  ananged  with  equal 
spacing  on  a  concave  spherical  surface  adjacent  to  the 
dielectric  sphere.  To  form  an  electronically  scanned 
antenna,  any  one  of  a  large  number  of  feeds  is  excited 
through  an  interleaved,  switched  tree  network,  which  can 
combine  clusters  of  horns  to  perform  complex  nulling  or 
can  be  used  for  simple  switched  beam  operations.  The  size 
of  the  lens  depends  on  the  minimum  gain  requirement 
(e.g.,  for  25  dB  minimum  gain,  the  lens  would  measure 
approximately  2.5  inches  in  diameter  at  a  frequency  of 
44.5  GHz).  The  estimated  size  of  the  antenna  (lens, 
horns  and  switch  tree)  is  12-inch  diameter  cylinder  and 
10  inches  long. 

2.2.2  UHF 

The  most  widely  used  and.  unfortunately,  most  vulnerable 
military  satellite  communication  (MILSATCOM)  irequency 
band  is  UHF.  The  Multiple  Path,  Beyond  Line-of-Sight 
(MUBL)  Communication  effort  is  aimed  at  providing 
interference-resistant  voice  communications  among 
affordable,  handheld  UHF  terminals  having  approximately 
5  watts  of  RF  output.  The  concept  provides  a  single-hop 
capalility  (as  seen  by  the  user  terminal);  it  may  be  thought 
of  as  an  amplifying  ionosphere.  No  satellite  crosslinking 
is  contemplated.  When  more  than  one  satellite  is  in  view 
of  the  communicating  terminal  pair,  there  are  multiple 
propagation  paths.  The  modulation  and  coding  system  is 
designed  to  support  this  and  resist  imerfercnce  from  other 
satellites.  In  addition  to  satellites,  MUBL  can  be  mounted 
on  high  altitude  balloons,  mounlainlops  or  unmanned 
aerial  vehicles.  Successful  implementation  of  these 
concepts  could  substantially  alleviate  shortcomings  noted 
in  the  recent  Desert  Storm  operations. 

2.2.3  Satellite/Submarine  Laser  Communications 
Initiatives 

A  number  of  laser  communications  studies  and 
demonstrations  arc  underway  or  have  been  completed  by 
the  ASTP.  Their  common  objective  is  to  develop  reliable, 
two-way  laser  communications  systems.  For  submarines 
having  expanded  operational  depth  and  speed  envelopes, 
laser  communications  provides  the  potential  for  timely 
message  delivery  at  useful  transmission  rates.  Current 
submarine  communications  can  be  enhanced  through  the 
use  of  blue-green  laser  technology.  Submarine  laser 
communications  systems  will  require  smaii,  lightweight, 
prime  power  efficient  lasers  and  narrow  spectral  band,  wide 
field-of-view  optical  filters.  The  ASTP  has  several  blue- 
green  laser  projects  that  address  these  challenges.  At 
present,  these  development  effort'  focus  on  the  Cesium 
Atomic  Resonance  Filter  (Cs  AR.  ;  and  alternate  narrow 
bandpass  filters,  as  well  as  several  laser  transmitter 
technologies.  All  of  these  technologies  are  being 
developed  for  rapid  insertion  into  candidate  spacebome 
laser  communications  systems. 

2.23.1  Cesium  Atomic  Resonance  Filler 
The  Cs  ARF  project  is  designed  to  investigate  enabling 
technologies  to  support  satellite-to-submarine  laser 
communications.  Specific  areas  of  investigation  are 
satellite  system  concept  definition  and  uplink  receiver 
breadboard  design  development  and  testing.  The  Cs  ARF 
receiver  approach  utilizes  a  unique  side-coupled  Cs  ARF  as 
the  basis  for  the  4-cell  array  (Figure  3).  This  approach 
provides  very  good  broadband  signal  rejection  with 
exceptionally  high  inband  signal  throughout.  Our 
findings  to-date  have  resulted  in  an  order  of  magnitude 
improvement  in  cell  efficiency  from  4  percent  to  over 
47  percent. 


2.2.4  Optical  Initiatives 

Several  research  contracts  for  optical  studies  and 
breadboard  demonstrations  are  completed  or  ongoing.  The 
objective  of  these  projects  is  to  advance  the  state-of-the- 
art  in  satellite  technologies  for  electro-optical  sensor 
systems. 
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Figure  3.  Cs  ARF  (Cross-Sect'on) 


IPSRU  synthesizes  the  equivalent  of  an  inertial  star  (an 
optical  probe  beam)  that  is  injected  into  the  path  of  a 
payload's  telescope  (Figure  5).  Tliis  menial  star  provides 
the  means  for  closed-loop  payload  focal  plane 
stabilization,  which  will  eliminate  the  effects  of  jitter  and 
transient  distortions  on  the  focal  plane  and  the  telescope 
structure. 


Figure  5.  IPSRU 


2.2.4. 1  Phased  Array  Mirror,  Extendable  Large  Aperture 
Aperture  size  of  present  space-based  optical  systems  is 
limited  by  cost  and  availability  of  a  vehicle  to  launch  a 
large,  massive,  primary  mirror.  The  Phased  Array  Mirror. 
Extendable  Large  Aperture  (PAMELA)  project  is 
developing  the  technology  to  build  a  mirror  composed  of 
lightweight  segments  that  can  be  folded  for  launch  and 
automatically  space-deployed  to  form  a  large  aperture. 
(See  Figure  4).  The  technology  will  develop  and  integrate 
segment  sensors  and  position  actuators  with  control 
algorithms  for  accurate  remote  deployment  and  active 
surface  control.  Miniature  sensors  on  all  adjacent  edges 
sense  relative  segment  offset.  These  sensors,  considered 
key  to  the  technology,  have  been  demonstrated. 


FULL  APERTURE 


Figured.  PAMELA 

2. 2. 4. 2  Inertial  P.seudo-Star  Reference  Unit 
The  Inertia)  P.seudo-Star  Reference  Unit  (IPSRU)  project  is 
developing  a  single  unit  for  precision  pointing  and 
stabilization  of  optical  payloads.  It  will  compensate  for 
mechanical  flexural  movements,  thereby  allowing  the 
incorporation  of  less  stiff  and  lighter  structures.  The 


2  2.4.3  Electron  ['unneling  Sensor 

Sensors  for  a  wide  range  of  signals  are  of  primary 
importance  for  advanced  systems  in  aerospace  guidance 
and  control,  robotics,  target  imaging  and  other  important 
applications.  The  uilrasonsitivc  electron  tunnel  sensor, 
recently  developed  at  Jet  Propulsion  Laboratory,  has 
applications  in  advanced  accelerometers,  hydrophones, 
magnetometers  and  room-tcmperalure  infrared  detectors. 
The  tunnel  sensor  is  based  on  the  quantum-mechanical 
electron  tunneling  mechanism  used  in  the  scanning 
tunneling  microscope,  which  won  the  1986  Nobel  Prize 
for  Physics.  A  compact  tunnel  sensor  with  the  size  and 
mass  of  a  penny  has  been  micromachined  from  a  silicon 
wafer.  Because  the  tunnel  sensor  can  be  fabricated  in 
silicon,  it  is  possible  to  luliy  integrate  the  turuiel  sensor 
with  its  microelectronics  in  a  monolithic  silicon  package, 

2.3  MILSATCOM  Terminal  Technology 
Development 

DARPA's  IMPACT  (Insertion  into  MILSATCOM  Products 
of  Advanced  Communications  Technologies)  Program  is  a 
multidisciplinary  technology  development  effort  aimed  at 
phased  insertion  of  advanced  technologies  into 
MILSATCOM  terminal  systems.  The  fundamental  goal  of 
this  program  is  to  reduce  the  life  cycle  cost  of  the 
MILSATCO.M  terminal  segment  with  a.ssociatcd  reductions 
in  terminal  size,  weight  and  power  consumption  and 
enhancements  in  performance,  reliability  and  capabilities. 
The  program  addresses  broad  technology  efforts  that  span 
all  MILSATCOM  terminal  programs  with  technology 
insertion  initiatives,  retrofits  and  upgrades,  as  well  as 
enabling  technology  developments  in  support  of  next- 
generation  terminals, 

MILSATCOM  systems  currently  encompass  a  diverse 
multitude  of  terminals  that  arc  designed  lo  interface  with 
several  different  types  of  satellites  operating  in  three 
MILSATCOM  bands.  Each  frequency  band  offers  particular 
advantages  and  complementary  characteristics  to  the 
ovciall  defense  space  architecture. 

In  addition  to  this  diversity,  the  terminal  population 
incorporates  numerous  distinct  system  implementations, 
including  manpack  and  man-portable  terminals;  mobile 


Significant  technological  advances  occurred  during  the 
time  that  most  of  the  infrastructure  was  acquired:  however, 
it  is  not  cost  effective  for  DoD  to  procure  a  new  suite  of 
terminal  systems  despite  the  enhanced  performance,  novel 
capabilities  and  other  advantages  that  new  technologies 
have  to  offer.  Instead,  innovative  product  and  process 
strategies  are  needed  to  modernize  and  upgrade  the  existing 
infrastructure  by  inserting  advanced  technologies  into 
current  systems.  In  this  way,  new  technologies  can  be 
exploited  in  a  manner  that  leverages  our  prior  investments 
m  the  MILSATCOM  architecture. 

Since  a  fundamental  goal  of  DARPA’s  IMPACT  Program  is 
successful  and  immediate  technology  transfer,  close 
coordination  has  been  established  with  key  organizations 
and  programs  in  the  MILSATCOM  community.  These  key 
players  include  system  users,  technology  developers  in 
Service  laboratories,  terminal  product  management 
offices,  the  executive  management  for  the  MILSATCOM 
Architecture,  the  Defense  Science  and  Technology 
Program,  and  agents  for  execution  of  the  program. 

IMPACT  will  work  closely  with  the  MILSATCOM  terminal 
community  and  with  technology  developers.  By 
conducting  an  integrated,  coherent  effort,  IMPACT  will 
synergistically  leverage  ongoing  work  within  this 
community  and  wi  jiin  industry  to  achieve  the  product-  and 
process-oriented  goals  of  the  program. 

IMPACT  will  serve  as  a  testbed  and  role  model  program  for 
the  new  era  of  defense  acquisition  in  which  budgetary 
constraints  necessitate  reduced  fielding  of  now  systems  and 
greater  emphasis  is  placed  on  research  and  development. 
This  program  will  pioneer  the  leveraging  of  R&D  to 
upgrade,  sustain  and  modernize  existing  fielded  equipments 
in  order  to  maintain  the  competitive  technological 
advantage  that  the  U.S.  now  possesses  in  defense 
capabilities. 

3.  LIGHTSAT  COMMUNICATIONS 
TECHNOLOGY  DEMONSTRATIONS 
Another  activity  addressed  by  the  ASTP  is  the  actual  on- 
orbit  demonstration  of  complete  systems.  This  provides 
"proof  of  the  pudding"  for  all  the  preceding  phases  of  R&D 
effort  in  systems  studies,  and  subsystem  and  component 
development  in  the  form  of  conclusive  on-orbit 
operations. 

3.1  MACSAT 

The  initial  constellation  of  DARPA  lightsats  was  launched 
on  a  Scout  booster  in  ^lay  1990,  two  years  after  startup  of 
the  program.  It  included  two  UHF  store-and-forward 
satellites,  the  MACSATs.  It  was  planned  to  demonstrate 
their  operation  to  tactical  commanders  in  as  realistic 
environments  as  possible.  The  demonstrations  would 
display  global  message  relay  for  manpack  terminals,  to  be 
interoperable  with  existing  equipment. 

The  MACSAT  schedule  demonstrated  an  accelerated 
response  and  development  time  compared  with  more 
conventional  system.  The  MACSATs  performed 
communications  operations  in  support  of  Operations 
Desert  Shield  and  Desert  Storm  (for  the  U.S.  Marine 
Corps),  and  were  used  in  training  demonstrations  for  the 
Army  and  the  Navy  and  for  Antarctic  support  for  the 
National  Science  Foundation.  Numerous  demonstrations 
including  transmission  of  digitized  photographs  have 
been  accomplished.  The  physical  characteristics  of  the 
MACSATs  are  as  follo'vs: 


•  16-sidcd  prismoid 

•  24-inch  diameter,  14-inch  height 

•  136  pounds 

•  Gravity  gradient  stabilized,  assisted  by  magnetic 
Z-coil 

•  Scmi-monocoque  construction 

The  .MACSATs  arc  placed  in  a  near  polar  circular  orbit 
(89.9  degree  inclination)  at  370  nautical  mile  altitude.  Up 
to  1,024  mailboxes  may  be  accessed.  The 
communications  package  operates  with  UHF  frequency 
shift  keying  (FSK)  receivers  and  cither  a  10-wait 
transmitter  or  a  60-watt  high  power  transmitter.  The 
standard  data  rate  is  2.4  Kbps,  although  demonstrations  at 
4.8  Kbps  have  ocen  accomplished.  The  electric  power 
subsystem  uses  a  body-mounted.  54-solar  ceil  array  and  a 
144-watt  hour  commercial  nickel  caomium  (NiCd)  battery 
pack,  operating  in  an  18-volt  DC  bus. 

3.2  Microsat 

A  second  constellation  of  seven  communication  satellites, 
weighing  50  pounds  each,  were  launched  on  a  single 
Pegasus  ALV  on  July  17,  1991.  The  satellites  (known  as 
.Microsats)  were  designed  to  provide  intra-theater  voice  or 
digital  communications  along  with  some  store-and-forward 
digital  data  uansfer.  The  electric  power  system  included 
18  solar  panels  with  a  50-watt-hour  commercial  NiCd 
battery  pack,  a  5-volt  linear  regulator  and  a  5/15  volt 
DC/DC  converter.  The  attitude  control  system  included  an 
earth  sensor  and  magnetometers  for  reference,  torque  rods 
for  spin-up  and  a  1.1 -liter  ntlrogen  tank  for 
stationkeeping.  The  communications  system  allowed  for 
either  analog  or  digital  communications.  A  digitally- 
controlled  UHF  FSK  10-walt  transmitter  and  FSK  receiver 
allowed  voice  communications  or  up  to  4,8  Kbps  digital 
data  rate.  Omni-directional  blade  antennas  were  deployed 
on  both  sides  of  the  spacecraft. 

Microsats  had  the  following  characteristics: 

•  12-sided 

•  19-inch  diaj..cter.  7.5  inch  height 

•  Deployable  antennas 

•  Spin  stabilized 

•  Nitrogen  cold  gas  propulsion 

The  Microsats  were  designed  to  be  ejected  from  the  carnage 
in  such  a  manner  as  to  place  them  in  a  single  orbital  plane 
with  400  nautical  mile  altitude  circular  orbits.  Although  a 
launch  '’chicle  anomaly  resulted  in  a  much  lower  orbital 
altitude,  the  correct  inclinalton  and  satellite  spacing  was 
achieved,  A  very  successful  demonstration  program  was 
completed  before  the  satellites  re  entered  the  atmosphere 
approximately  six  months  after  launch. 

4.  advanced  TECHNOLOGY 
DEMONSTRATION.S 

Consistent  "  ilh  the  new  DoD  Science  and  Technology 
Strategy.  DARPA  has  initiated  a  number  of  new  programs 
to  quickly  develop  and  apply  advanced  technologies  into 
technology  demonstrations.  The  purpose  of  these 
advanced  technology  demonstrations  is  to  ensure  we 
continue  to  pursue  the  advancement  of  enabling 
technologies  that  may  be  required  in  our  future  weapons 
systems  and  to  reduce  the  risk  for  incorporating  these 
technologies  into  future  systems.  Tliese  demonstrations 
include  our  existing  Pegasus  and  Taurus  launch  vehicles 
and  several  new  programs  to  demonstrate  advanced 
satellite  technologies  for  communications  and  remote 
sensing. 


technologies  into  future  systems,  Tltese  demonstrations 
include  our  c.cisting  Tegasus  and  Taurus  launch  vehicles 
and  several  new  programs  to  demonstrate  advanced 
satellite  technologies  for  communications  and  remote 
sensing. 

4.1  Launch  Vehicles 

The  launch  vehicle  portion  of  the  ASTP  is  aimed  .at 
providing  flexible  and  responsive  capabilities  to  quickly 
insert  payloads  into  orbit.  Many  of  the  current  large 
vehicles  are  constrained  to  launches  from  cither 
Vandenberg  Air  Force  Base  or  Cape  Kennedy.  The  primary 
objective  is  to  demonstrate  the  capability  to  launch  small 
satellites  into  space  independently  of  the  existing  launch 
base  inifastructure  and  to  reduce  the  cost  per-pound  to  orbit 
for  small  launch  vehicles  that  traditionally  have  suffered 
from  the  economy  of  scale  barriers. 

4.1.1  Pegasus 

Pegasus  is  not  a  typical  Government  program,  nor  is  it  a 
commercial  program.  Rather,  it  is  a  dedicated  team  effort 
in  which  both  the  Government  and  industry  cooperated  to 
accomplish  a  demanding  task  in  a  very  short  amount  of 
time  with  relatively  little  money.  DARPA  and  the  Air 
Force  signed  a  transition  agreement  under  which  DARPA 
will  turn  over  management  for  the  remaining  launches  to 
the  Air  Force.  This  is  a  good  example  of  D.ARP.Vs  pnme 
role  in  military  R&D  --  transitioning  technology  to  the 
Services. 

The  Pegasus  ALV  successtully  orbited  payloads  on  its  first 
flight  on  April  5,  1990.  and  on  its  second  flight  on 
July  17.  1991.  This  DARPA-sponsored  program  has 
demonstrated  a  responsive  and  economical  capability  for 
putting  small  payloads  into  orbit.  This  very  successful 
program  has  met  at  least  four  major  objectives: 

•  Validated  the  air  launch  concept  (twice); 

•  Launched  dissimilar  NASA  and  Navy  payloads  on 
a  single  launch  mission; 

•  Launched  seven  Mictosats  on  a  single  launch 
mission;  and 

•  Provided  the  first  demonstration  of  a  GPS 
receiver  operating  on  a  space 
launch  vehicle  during  the  boost  phase  ascent 
trajectory. 

Following  the  first  launch  of  Pegasus,  some  performance 
upgrades  were  incorporated  for  the  second  launch  in 
July  1991.  Although  the  second  Pegasus  launch 
experienced  two  significant  inflight  anomalies  resulting 
in  a  lower-ihan-intended  orbit  injection  altitude,  the  fact 
that  it  successfully  orbited  the  seven  Microsats  is  a  visible 
measure  of  the  robustness  of  its  autonomous  guidance  and 
control  system  and  ultimate  capability.  Design 
modifications  to  correct  the  problems  have  been  developed 
and  are  ;n  the  process  of  being  qualified. 

4.1 .2  Taurus 

The  Taurus  SSLV  will  provide  the  capability  to  launch 
approximately  five  times  the  capacity  of  Pegasus  from  a 
ground-transportable  system.  It  consists  of  a  Pegasus 
without  wings  and  a  larger  fairing  sitting  atop  a 
Peacekeeper  first  stage.  The  entire  launch  system  is 
transportable  and  can  be  operated  from  a  bare  base;  launch 
site  establishment  is  completed  within  five  days  and 


payloads  can  be  launched  wiihin  72  hours  of  launch 
notification. 

The  current  Taurus  design  can  place  approximately 
2.000  pounds  into  a  400  nautical  mile.  28  5  degree 
inclined  orbit.  It  is  expected  that,  with  modifications 
(i.c.,  additional  strap  on  motors  and  a  new  apogee  kick 
motor),  Taurus  will  be  able  to  place  small  satellites 
i600-pound  class)  into  geostationary  orbits, 

4.2  .\dvanced  Technology  .Standard  Satellite 
Bus 

The  ATSSB  project  will  design  -ind  develop  a 
mullimission  capablc.  small,  standard  spacecraft  bus  that 
incorporates  a  new  approach  to  building  saiclhtcs  that  can 
accommodate  different  types  of  "boll-on"  mission 
payloads.  The  bolt-on  concept  can  best  be  described  as  a 
system  having  an  isolated  payload  attached  to  a  high 
performance,  lightweight  bus  employing  advanced 
technology  through  a  single,  standard  interface  (Figure  6) 
The  ATSSB  will  be  capable  of  .accepting  these  boll-on 
payloads  from  a  variety  of  candidate  mission  areas 
Including  meteorology,  communications,  surveillance  and 
tracking,  target  location  and  navigation. 
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Figure  6.  Generic  Common  Bus  Configuration 

Payloads  employing  the  standard  bus  will  be  launchable 
ft.-m  both  small  and  large  launch  vehicles  and  capable  of 
performing  In  a  variety  of  orbits.  The  ATSSB  project  will 
provide  designs  for  a  versatile  bus  that  will  allow  surge 
capability  and  ca.se  in  reconstitution  of  space  assets. 

The  key  features  of  the  common  bus  arc  capability, 
affordability  and  flexibility.  Capability  comes  mainly  by 
employing  newer  technologies  enabling  greater 
performance  in  smaller  packages.  .Autonomous  orbit  and 
attitude  determination  will  enable  satellite  supervision,  as 
well  as  satellite  maintenance.  The  autonomous  mission 
planning  function  will  ultimately  nnabic  the  support  of 
tactical  users’  immediate  tasking  requirements.  The 
affordability  of  all  satellite  systems  is  largely  a  function 
of  total  satellite  (and  associated  booster)  weight,  as  well  as 
the  number  of  units  procured.  Obviously,  the  non¬ 
recurring  costs  will  decrease  when  each  satellite  ceases  to 
be  a  special  design  case  in  itself.  In  addition,  the 
flexibility  of  the  bolt-on  concept  system  can  enable  quick 
integration  and  change  out,  if  necessary,  immediately 
prior  to  launch. 

The  common  bus  provides  a  clean  structural  surface  with  a 
standard  electrical  interface  to  mate  with  a  wide  range  of 


mission  and  payload  types.  A  durcci-load  path  is  furnished 
for  all  payload  elements  and  the  bus,  with  provision  for 
stacking  payloads  if  multiple  launches  are  desired. 


DARPA  has  as  an  objective  the  increase  in  payload  mass 
fraction  from  around  30  percent  (the  present  level)  to 
approximately  twice  that  figure.  This  reversal  in  weight 
fraction  invested  in  bus  and  payload,  respectively, 
represents  in  itself  a  significant  advance  in  space 
technology  (see  Figure  7). 
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Figure  7.  Payload  Mass  Fractions,  Current  Systems 
and  Future  Goals 


Tire  performance  requirements  for  Uie  ATSSB  include:  (1) 
support  to  payloads  of  up  to  500  pounds  requiring 
400-600  watts  of  peak  power,  (2)  three-axis  attitude 
control,  (3)  standard  communication  links,  (4)  propulsion 
for  orbit  maintenance,  and  (5)  a  three-year  mission  life. 
The  program  will  emphasize  the  use  of  common  industry- 
standards  and  will  be  scalable  to  support  1000-pound 
payloads  with  a  seven-year  mission  life. 

4.3  ASTKC  Demonstration 

This  DARPA-lcd  joint  DoD  program  integrates  the 
advanced  EHF  communications  and  satellite  subsystem 
technologies  under  development  in  DARPA/DoD  and  flight 
demonstrates  two  experimental,  lightweight,  EHF  small 
satellites.  The  goals  of  the  program  are  to  support  the 
joint  DoD  Global  Surveillance  and  Communication 
(GS&C)  demonstration  objectives: 

•  Develop,  spacc-quaiify  and  transition  advanced 
technologies  to  support  the  mid-1990’s 
MILSATCOM  modernization  decision  milestones 
and  integrated  GS&C  demonstrations; 

•  Assess  the  utility  of  small  satellites  to:  (1) 
augment  larger  backbone  satellites;  (2)  enable  an 
evolutionary/affordablc  approach  to 
MILSATCOM  procurement/modernization; 

(3)  provide  quick  reaction  surge  and  specialized 
communications  support;  and 

•  Serve  as  an  acquisition  management  testbed  aimed 
at  lowering  costs  and  reducing  "time  to  market" 
for  new  satellite  systems. 

The  general  program  approach  calls  for  the  development, 
launch  and  demonstration  of  two  technology  satellites  in 
geosynchronous  orbits.  Satellite  I  incorporates  the 
prototype  ATSSB  and  the  Massachusetts  Institute  of 
Technology/Lincoln  Laboratory-developed  EHF  payload 


containing  very  high  data  rate  (VHDR:  274  Mbps, 
unprocessed  EHF)  and  low  data  rale, 'medium  data  rate 
(LDR/MDR)  capabilities.  An  inlegraied  payload  testbed 
will  be  built  to  support  payload  development,  EHF  .MDR 
ground  terminal  development  and  on  otbii  demonstration 
operations.  Tlie  second  satellite  incorpiraics  the  ATSSB 
with  an  industrialized  version  of  the  Lincoln  Laboratorv 
LDR/MDR  payload,  augmented  by  muhichanncl  .MDR  and 
an  antenna  nulling  capability.  Two  satellites  are  required 
to  accommodate  the  full  set  of  technical  obiectives 
(including  the  industrialization  of  the  EHF  payload 
technologies)  and  the  development  time  needed  to  mature 
the  complex  antenna  nulling  technology.  The  earlv 
launch  of  the  first  EHF  payload  will  demonstrate  the 
integrated  technology  in  the  timeframe  needed  to  support 
integrated  DoD  demonstrations  and  .MILSATCOM 
milestone  decisions. 

Figure  8  shows  the  functional  layout  of  the  core  payload. 
The  core  of  both  payloads  is  an  EHF  communications 
package  that  provides  32  M1L-STD1582C  LDR  channels 
and  two  MIL. STD-1810  MDR  channels.  The  data  rate  for 
the  LDR  channels  is  75-9600  bps  and  for  the  MDR 
ch.annelv.  ‘.  2  1638.0  kbps.  The  vorc  Elir 
communicaiicns  package  will  provide  a  variable 
bcamwidlh  antenna  that  uses  a  dichroic  lens  to  support 
iKilh  uplink  and  downlink  with  a  single  reflector.  Two 
earth  coverage  horns  arc  mciudod.  The  payloads  will 
perform  all  signal  processing  required  to  maintain  the 
MIL-STD- 1 5,82C  and  MILSTD- 1 8 10  transmission 
formats.  As  a  design  goal,  the  payloads  will  have  a 
modular  design  to  allow-  early  technology  upgrades,  as  well 
as  scalability,  for  increased  channel  capacity  and  extra 
spot  beams. 


Figure  8  ASTEC  EHF  Payload 

The  technology  advances  gamed  as  a  result  of  the  ASTEC 
technology  demonstrations  will  greatly  impact  future 
MILSATCOM  systems  through  the  introduction  of  new 
capabilities,  incorporation  of  new  advanced  technologies 
and  demonstration  of  new  implementation  alternatives 
such  as  small  satellite  augmentation.  The  A.STEC  payloads 
implement  the  following  new  MILSATCOM  services: 

•  First  on-orbit  MIL-STD  tSIO  (EHF  MDR) 
capability 

-  Supports  4.8-1638.0  kbps  data  transmission 

-  Includes  four  channels  on  Payload  I  and 
eight  channels  on  Payload  2 

•  Unprocessed  (i.e,,  transponder).  VHDR  EHF 
capability  (Payload  I  only) 

•  Supports  scintillation-resisianl  delivery  of 
wideband  data  to/from  remote  h  ations 
■  Supports  data  rates  up  to  274  Mbps  from  a 
10-foot,  500- watt  transmit  terminal,  through 
the  ASTEC  VHDR  transponder,  to  a  20-fooi 
receive  terminal 
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-  Provides  significant  nulls  over  2  GHz 
bandwidth 

-  Places  null  on  jammer  automatically 

•  Variable  antenna  spot  beam  capability 
(1.0-2. 5  degrees) 

-  Allows  tailoring  of  the  beam  for  various 
theater  sizes 

-  Allows  tailoring  of  the  beam  to  support 
various  tcrmmal  requirements 

•  On-orbit  payload  reconfiguration  capability 

-  Allows  re-allocation  of  beam/channel  group 
pairings 

-  Supports  dynamic  re-allocation  of  resources 
to  support  changing  networks 

The  ASTEC  payloads  implement  these  services  by 
employing  advanced  technologies  in  key  subsystem 
applications  that  will  reduce  payload  weight  and  power 
consumption  while  increasing  capability.  As  a  direct 
comparison,  the  ASTEC  MIL-STD-1582C  36-channe! 
group  achieves  a  65  percent  reduction  in  weight  and  a 
50  percent  reduetion  in  power  over  the  36-channel  group 
implemented  on  the  F'''et  Satellite  Communications 
(FLTSATCOM)  EHF  Package.  The  technologies  that 
enable  this  reduction  include  application-specific 
integrated  circuits  for  signal  processing;  direct  digital 
synthesis  of  the  local  oscillator  frequencies;  lightweight, 
flangeless  waveguide  for  the  beamforming  networks;  and 
either  permeable  base  transistors  or  high-clcctron- 
mobility  transistors  for  high  efficiency,  high  power  solid- 
state  power  amplifiers. 

4.4  CAMEO  Demonstration 

The  CAMEO  (Collaboration  on  Advanced  Multispectral 
Earth  Observation)  Program  will  integrate  advanced 
optical  and  sensor  technologies  with  the  ATSSB  to 
demonstrate  and  space-qualify  a  new,  lightweight, 
multispectral.  remote  sensing  satellite.  The  program 
offers  an  important  two-fold  opportunity:  to  demonstrate 
technology  that  simultaneously  addresses  critical  DoD  and 
civil  needs,  and  to  advance  the  concept  of  using  small 
satellites  for  rapid,  affordable  capability  insertion  beyond 
DoD  into  the  civil/national  space  arena.  The  goals  of  the 
program  are  to  demonstrate: 

•  "Dual  use,"  multipurpose,  advanced,  remote 
sensing  technologies  for:  (1)  DoD-Wide  Area 
Surveillance.  (2)  Civil-Global  Climate  Research 
and  (3)  Civil-Environmental  Monitoring; 

•  The  use  of  small  satellites  to  rapidly  augment 
on-orbit  capability  and  affordably  modernize 
both  DoD  and  civil  remote  sensing  satellite 
constellations;  and 

•  New  payload  operations  concepts  and  the  direct 
downlinking  of  usable  data  to  DoD  and  civil 
consumers. 

The  payload  concept  is  distinctly  different  from  typical 
"dual  use”  approaches.  Rather  than  develop  a  sensor  that 
can  be  used  only  for  a  single  purpose  by  "dual  users"  (i.c., 
cloud  imaging  for  DoD  and  civil  needs),  this  program  will 
develop  advanced  sensor  technology  adaptable  to  multiple 
purposes  by  multiple  users. 


Specific  technical  objectives  are  to: 

•  Develop  and  space-quaiify  an  advanced, 
multispectral,  remote  sensing  payload  for  small 
satellites; 

•  Demonstrate  multimission  usage  of  ATSSB  for 
remote  sensing  payloads  m  low  earth  orbit;  and 

•  Develop  and  demonstrate  Common  Data  Link 
(CDL)  standard  technology  for  small  satellites 
and  direct  downlink  connectivity  to  mobile  earth 
terminals. 

Our  first  activity  was  to  identify  the  DoD  and  civil  remote 
sensing  requirements  and  needs  dial  could  be  met  best  by  a 
multispectral  payload.  Existing  DoD  requirements  and 
measurement  needs  associated  with  civil  programs  such  as 
Landsal.  NASA's  Earth  Observing  System  (EOS)  and  the 
Strategic  Environmental  Research  and  Development 
Program  were  surveyed,  from  which  emerged  clear  areas  of 
overlap  in  spectral  coverage,  spectral  resolution,  etc., 
that  indicate  many  requirements  could  be  addressed  using 
an  integrated  multispectral  payload.  The  requirements 
framework  was  used  to  define  ’.he  general  characteristics  of 
a  p.ayload  and  an  m-house  study  was  conducted  to  define  a 
point  design.  This  design  proved  feasible  for 
implementation  as  a  small  satellite  payload  on  the  ATSSB. 
The  current  program  plan  calls  for  system  development 
consistent  with  an  FY96  launch. 

The  first  area  surveyed  was  ciimate  research.  The  highest 
priority  measurements  for  dctcc'ing  and  characterizing  the 
global  climate  change  signal  and  the  pattern  nf  this 
change  have  been  well  ailiculaicd  by  the  U.S.  Global 
Change  Research  Program  and  many  individual  scientists 
such  as  Dr.  Jim  Hansen,  Director  of  NASA's  Goddard 
Institute  for  Space  Studies.  The  core  measurement 
requirement  essential  to  characterizing  the  climate  system 
IS  long-term  monitoring  of  the  earth  s  radiation  budget. 
These  measurements  have  not  been  made  for 
approximately  two  years  and  none  are  planned  before  the 
deployment  of  a  radiation  budget  radiometer  on  a  Japanese 
satellite  in  the  mid-1990s  and  the  first  EOS  system  in  the 
late  1990s.  It  is  essential  to  understand  man's  impact  on 
the  climate  system,  anthropogenic  climate  forcings. 
Space  measurements  of  aerosols,  ozone,  water  vapor  and 
surface  reflectivity  (albedo)  are  required,  all  of  which,  at 
present,  are  measured  inadequately  or  not  measured  at  all. 
Lastly,  the  climate  feedback  mechanisms  are  poorly 
understood  and  modeled.  It  is  essential  to  understand 
whether  man's  impact  on  the  climate  system  results  in 
large  scale  changes  (e  g.,  cloud  cover)  that  positively  or 
negatively  reinforce  the  trend  toward  global  warming.  The 
most  important  of  these  requires  detailed  global 
measurements  of  cloud  phase  and  particle  size. 

Tbe  second  measurement  area  con.'.idcred  is  cnvironn.enial 
quality  monitoring,  including  parameters  such  as  air  and 
water  pollution,  hazardous  waste  site  monitoring,  wetlands 
and  land  use  monitoring  and  surveillance  of  natural  and 
man-made  disasters  for  emergency  response.  Most  of 
these  parameters  have  signature  features  that  emerge  from 
multispectral  measurements.  Although  Landsat  and 
Systeme  Probaloire  d'Observation  de  la  Terre  (SPOT)  have 
addressed  many  of  these,  their  .spectral  bands  were  not 
optimized  to  measure  them  and  their  spatial  resolution  is 
inadequate. 


The  third  area  surveyed  was  DoD's  need  for  multispectral 
imagery.  The  primary  mission  considered  is  battlefield 
situation  monitoring,  which  includes  area  delimitation  and 
target  nomination.  Area  delimitation  is  that  process  by 
which  sensor  data  is  used  to  exclude  large  regions  that 
otherwise  require  wasteful,  repetitive  searches  using  high 
value  assets.  For  example,  terrain  relief  and  trafficability 
maps  can  be  used  to  delimit  regions  where  transportable 
vehicles  can  be  employed.  Target  nomination  includes 
identifying  localized  regions  of  interest  for  cueing  of 
higher  resolution  assets.  Detection  of  large  scale 
camouflage  deployment  could  be  used  as  a  target 
nomination  metric. 

Other  primary  applications  include  support  to  the 
identification  and  recognition  process  as  well  as  targeting. 
In  the  latter,  the  roles  envisioned  for  a  multispectral 
system  include  3-D  terrain  mapping  and  weather  updating. 
Ancillary  DoD  missions  include  monitoring  the  growth 
and  transportation  of  illegal  crops  and  drugs,  coastal  zone 
monitoring  including  bathymetry,  and  large-scale  change 
detection  (runway  extension,  etc.). 

The  overlapping  requirements  for  spectral  coverage  and 
resolution,  number  of  spectral  bands,  spatial  resolmion, 
FOV,  calibration  and  radiometric  sensitivity  required  to 
address  these  three  mission  areas  have  been  identified.  The 
striking  similarity  is  that  (with  the  exception  of  one 
aspect  of  climate  monitoring)  almost  all  measurement 
categories  require  a  few  to  several  bands  between  0.4  and 
5.0  microns.  The  total  number  of  unique  bands  required 
exceeds  25.  For  both  DoD  and  environmental  quality 
monitoring,  moderate  to  high  spatial  rcsoiuticr.  is  required 
(5-20  meters)  over  moderate  sized  FOVs  (10-50  km).  All 
climate  measurement  parameters,  however,  require  a  WFOV 
at  relatively  coarse  resolution  (3-10  km). 

This  analysis  has  led  us  to  define  an  integrated  payload 
consisting  of  three  sensors:  a  narrow  FOV  (NFOV)  sensor 
to  address  most  DoD  and  environmental  quality 
monitoring  measurement  needs,  a  WFOV  sensor  to  address 
most  climate  monitoring  needs  and  DoD's  battlefield 
weather  requirements,  and  a  radiation  budget  radiometer  to 
measure  the  earth's  total  outgoing  radiation. 

Elements  of  the  mtegraicd  system  include  the  space 
segment,  bus  control  element  and  payload  ground  station. 
As  described  earlier,  the  ATSSB  will  be  used.  It  is  capable 
of  a  50  percent  mass  fraction,  for  advanced  technology 
"bolt-on"  payloads,  and  will  use  CDL  as  the 
communication  system.  The  integrated  payload  will 
consist  of  the  above  three  sensors.  Satellite  bus  control 
will  be  managed  through  the  Air  Force  Satellite  Control 
Network  (AFSCN).  Payload  tasking,  sensor  data  downlink 
and  data  exploitation  will  occur  at  the  payload  ground 
station,  which  will  include  the  existing  Mobile 
Interoperable  Surface  Terminal  (MIST)  and  a  small, 
powerful  processing  system.  All  sensor  data  will  be 
transmitted  for  further  processing  and  archival  through  the 
payload  gro  md  station. 

The  integrated  payload  design  approach  includes  several 
essential  features.  First,  the  spacecraft  is  sized  for  launch 
on  the  Taurus  SSLV  using  the  ATSSB.  Total  weight  and 
peak  power  budgets  of  900  pounds  and  600  watts, 
respectively,  have  been  established.  The  system  design 
life  is  three  years,  vh-ch  i".  i'.lcw  •  .item  <f.»igiicia  to 
balance  performance  with  reliability  to  minimize  overall 
system  cost.  CDL  has  been  adopted  to  facilitate  the 


downlink  of  high  data  rate  (HDR)  NFOV  imagery  in  a 
compact,  power  efficient,  affordable  system. 

The  NFOV  instrument  (Lightweight  Mjluspcctral  Imaging 
Sensor,  (LMIS))  will  provide  5-20  meter  resolution  with 
spectral  bands  covering  the  04-5.0  micron  range.  The 
current  baseline  design  for  LMIS  includes  4-6  bands  in  the 
visible  and  near  infrared  (0.4-1. 0  pM)  and  shortwave 
infrared  (1.0-2. 5  pM).  respectively,  and  2-3  bands  in  the 
medium  wave  infrared  <3. 0-5.0  p.M).  .Multilinear  arrays 
with  striped  spectral  filters  will  be  used  and  with  liie  sensor 
operated  m  a  pushbroom  mode.  The  total  FOV  is  expected 
to  be  about  15  km. 

A  portion  of  the  FOV  will  be  used  to  demonstrate  a 
hyperspcctral  imaging  capability  using  innovative  filter 
technology.  A  candidate  is  the  linear  wedge  filter  which, 
when  integrated  with  a  focal  plane  array,  provides  a 
continuum  of  spectral  bands  at  high  resolution 
tl0-20nM).  LMIS  will  include  on-chip  spectral  and 
spatial  aggregation  modes.  This  feature,  combined  with 
onboard  image  bandwidth  compression,  provides  a  means 
for  transmitting  all  LMIS  imagery  wnhin  the  downlink 
capacity. 

The  WFOV  instrument  (.Multispectral  Pushbroom  Imaging 
Radiometer,  (MPIRl)  will  have  10-15  bands  covering  the 
visible  to  longwave  infrared  collected  at  1  3  km 
resolution.  The  MPIR  FOV  will  be  approximately 
1000  km.  achieved  by  several  small,  'cry  WF(3V  optical 
systems  operating  in  the  pushbroom  mode. 

Finally,  the  radiation  budget  radiometer  most  likely  will 
be  an  improved  version  of  flight-proven  instruments 
flown  by  NASA.  It  measures  total  outgoing  shortwave  and 
longwave  flux  over  a  horizon-lo-horizon  FOV. 

The  measurement  capability  of  this  integrated  payload 
distinguishes  it  from  existing  and  pl.inncd  remote  sensing 
systems.  MPIR  has  coverage  and  resolution  similar  to  the 
Defense  Meteorological  Satellite  Program  and  the  TIROS 
scries,  but  its  spectral  bands  have  been  chosen  to  measure 
quantities  not  available  from  these  systems.  Examples 
include  total  ozone,  aerosol  loading,  surface  albedo  and 
cloud  phase  and  panicle  size.  LMIS  also  has 
characteristics  ihat  render  it  fundamentally  distinct  from 
Landsai.  SPOT  and  the  High  Resolution  Imaging 
Spectrometer  (HIRIS)  system  planned  for  EOS,  The 
number  of  bands  and  spatial  resolution  provide  an  ability 
to  measure  quantities  well  beyond  the  limits  of  Landsat  and 
SPOT.  These  include  rock  and  mineral  type  and  water 
pollution  and  wetland  monitoring  for  the  civil  community 
ar  well  as  mapping,  trafficability  and  battlefield 
monitoring  for  DoD.  Finally,  the  spatial  resolution  of 
this  system  will  support  detection  of  camouflage  and  other 
military  equipment  in  many  deployment  scenarios.  The 
spatial  resolution  of  HIRIS.  a  factor  of  2-4  coarser  than 
this  system,  is  inadequate  for  these  missions.  Finally,  the 
radiation  budget  radiometer  flown  on  this  satellite  will  fill 
the  mca.surcmcnl  gap  prior  to  EOS  deployment. 

Successful  completion  of  the  CAMEO  program  will  yield  a 
number  of  diverse  technology  and  concept  breakthroughs 
critical  to  future  augmentation  and  modernization  of  DoD 
and  civil  remote  sensing  architectures.  The  development 
and  spaceflight  of  a  liehtwcighi,  mu!tis}5cctr.’.;  iciagcr  wiii 
vieiiioia.uaic  die  applicability  ot  advanced  focal  plane  and 
optical  technologies  on  a  small  satellite,  LMIS  will 
operate  at  raw  HDR,  requiring  the  use  of  high  speed  analog 
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and  digital  processing  electronics  and  bandwidth 
compression  chips.  This  will  be  the  first  demonstration  of 
these  technologies  on  a  small  satellite. 

The  CAMEO  program  will  demonstrate  the  benefits  of  the 
ATSSB.  The  opportunity  will  exist  in  tins  program  to 
further  examine  and  highlight  the  significant  acquisition 
time  and  cost  reductions  possible  through  the  introduction 
of  standardized/simpiified  interfaces  and  the  elimination  of 
non-recurring  engineering.  The  weight  of  the 
multispectral  payload  is  expected  to  fully  exploit  and  test 
the  capability  of  the  bus  to  meet  the  50  percent  payload 
mass  fraction  goal.  This  represents  nearly  a  factor  of  2 
mass  fraction  improvement  over  current  satellites. 

Finally,  the  lightweight  implementation  and 
space-qualification  of  the  CDL  technology  (now.  the 
airborne  surveillance  datalinh  standard)  will  enable 
transition  of  the  CDL  standard  into  satellite  platforms. 
This  is  an  extremely  important  technology  progression 
toward  the  far-term  DoD  goal  of  global  C'l  connectivity 
among  all  tactical  and  strategic  platforms. 

S.  SUMMARY 

The  DARPA  ASTP  is  aggressively  supporiing  R&D  efforts 
aimed  at  enabling  technologies  for  new  systems  concepts 


and  advancing  space  technology  stale  oi  ihc-ari.  These 
new  technologies  will  be  demonstrated  in  prototype  or 
breadboard  systems  and  transferred  as  rapidly  as  possible 
into  operational  systems.  In  fact,  the  primary  objecuves 
of  DAjRPA's  ASTP  are  to  transition  advanced  technologies, 
operational  concepts  and  acquisiiion  approaches  to  the 
appropriate  DoD  organizations  and  to  transfer  these  same 
technologies  to  industry  in  support  of  future  DoD 
procurements.  Already,  the  successlui  launch  and 
operation  of  the  Pegasus  ALV.  MACSATs  and  Mtcrosais 
have  been  earned  out.  Recent  demonstrations  of 
MACSAT’s  store  and-forward  communications  capabilities 
have  been  demonstrated  to  the  Services  in  the  field  and 
preliminary  responses  from  operating  units  arc  very 
favorable.  For  example,  the  Navy  is  pursuing  its  Arctic 
Communications  Program  based  on  MACSAT  systems 
concepts  and  technologies.  The  Air  Force,  NASA.  SDIO 
and  civil  customers  have  awarded  contracts  for  Pegasus 
launches.  DARPA  will  continue  to  pursue  promising  areas 
for  achieving  new  capabilities  with  smaller  and  lighter 
advanced  technologies  and  pave  the  way  for  showing  how 
development  of  space  systems  can  be  accomplished  more 
quickly  and  at  greatly  reduced  cost. 


Discussion 


Question:  You  mentioned  an  IPSRU  program  where  platform 
jitter  is  assessed/eliminated  using  a  laser.  May  I 

3  S  K  1 

a.  If  the  intent  of  the  program  to  measure  jitter 

{for  later  post-processing),  or  to  eliminate/compensate 
for  jitter  through  a  slaving  control  mecnanism? 

b.  Is  literature  is  available  on  this  matter  (open 
or  at  least  releasable  to  NATO)? 

Reply:  a)  The  unit  alone  provides  very  precise  and 
accurate  line-of-sight  offset  measurements  for  high 
frequency,  low  magnitude  jitter.  When  used  in  concert 
with  a  fast  steering  mirror,  or  other  closed  loop 
system,  it  can  actively  remove  jitter. 

b)  The  organization  developing  IPSRU  is  Draper  Laboratory 
in  Massachusetts.  The  program  manager  is  Mr.  Jerry 
Gilmore . 


Question:  Would  you  comment  on  the  status  of  CAMEO? 

Reply:  The  CAMEO,  ASTEC  and  ATSSB  (standard  bus)  funding 
has  been  included  in  the  President's  Budget  submission 
to  Congress  in  Fiscal  Year  1993  and  is  in  the  Five 
Year  Defense  Plan.  The  initial  technology  work  for 
EHF  Comms  has  been  conducted  for  DARPA  by  Lincoln 
Laboratory  and  awaits  further  funding.  CAMEO  payload 
specifications  have  been  developed.  The  ATSSB  is 
currently  in  source  selection.  The  Congress  deferred 
these  programs  in  FY  93,  stating  their  opinion  that 
we  are  premature  in  starting  the  program.  We  plan 
to  re-plan  the  program  for  a  full  start  in  1994. 


Question:  Referring  to  submarine  laser  communications, 
where  you  indicated  that  the  submarine  would  uplink 
a  signal  for  geolocation  purposes  to  assist  in  downlink 
laser  aiming,  what  measures  do  you  propose  for  preventing 
exploitation  of  this  uplink  radiation  by  hostile  forces 
for  the  same  purposes? 

Reply:  There  will  be,  in  general,  sufficient  geographical 
separation  that  exploitation  will  not  be  possible. 

Use  of  c,HF  ensures  narrow  beamwidths. 
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SUMMARY 


The  feasibility  of  installing  SARs  on 
board  lightsats  for  tactical  and  strategic 
observation  missions  is  discussed, 
emphasizing  high  resolution  and  short 
revisit  intervals  as  main  system  drivers. 
Lightsat  constellations  design  criteria 
are  presented  for  both  global  and  limited 
latitude  belt  coverage.  Pros  and  cons  of 
sunsynchronous  versus  medium  inclination 
non  sunsynchronous  orbits  are  discussed. 

Gross  system  trade  offs  for  the  SAR  sensor 
are  then  addressed,  in  the  specific 
context  of  a  resource-limited  lightsat, 
stressing  the  achievement  of  resolutions 
better  than  5  m,  swaths  greater  than  20 
Km,  access  angles  of  at  least  30",  small 
antenna  dimensions  and  a  reasonable  power 
consumption.  Both  X  and  c  band  SAR 
solutions  are  outlined.  Data  transmission 
alternatives  are  also  discussed,  in  the 
context  of  tactical  and  strategic 
scenarios,  outlining  their  projected 
performance. 

Constellation  orbits  control  and  platform 
attitude  are  also  addressed  for  their 
impact  on  mission  ,  SAR  image  quality  and 
satellite  design  requirements.  Key  aspects 
of  critical  platform  subsystems  are  also 
identified. 

1.  INTRODUCTION 

Lightsat  constellations  are  receiving 
considerable  attention  by  industry, 
governmental  Agencies  and  commercial 
carriers.  Their  potential  for  strategic 
communications  is  well  understood  by 
military  planners,  which  contributed  to 
the  fast  spinoff  of  major  projects  being 
undertaken  by  some  American  system  houses. 
Less  well  perceived  are  the  lightsats 
capabilities  for  remote  sensing  and 
observation  tasks  for  both  civil  and 
defense  uses.  In  1990  ,  anticipating  the 
need  for  new  and  unconventional  solutions 
to  observation  satellites,  Alenia  Spazio 
started  an  internal  study  addressing  the 
feasibility  of  small  SAR  satellites, 
stressing  the  achievement  of  high 
resolutions  and  short  revisit  intervals. 
The  '91  Gulf  War  provided  further  stimuli 
in  that  direction,  reinforced  by  the 
world-wide  trend  concerning  space  and 
defence  budget  allocations.  First  results 
were  published  in  [1].  Since  then,  further 
work  on  system  architectures  and  trade 
offs  has  been  performed,  concentrating  on 
military  applications  and  the  near-term 
feasibility  with  available  technologies, 
thus  avoiding  long  and  costly  new 
developments.  This  paper  reviews  some  of 
the  most  recent  results  achieved  so  far. 


2.  SAR  OBSERVATION  MISSIONS 


SAR  sensors  operational  value  cones  from 
their  independence  from  time  of  the  day 
and  clouds  cover.  Achievaole  ground 
resolutions,  swaths  and  access  angles  are 
comparable  to  those  of  panchromatic 
optical  sensors.  Nevertheless  SARs  respond 
differently  to  the  physical  features  of 
the  observed  scene:  this  may  be  exploited 
to  enhance  certain  target  character istics . 
SAR  and  optical  satellites  can  therefore 
complement  each  other. 

However,  in  a  tactical  scenario,  where 
weather  and  time-of-day  independence  of 
the  observations  are  a  premium  factor,  SAR 
satellites  outperform  the  optical  ones 
from  an  operational  viewpoint. 

In  addition,  constellations  of  SAR 
satellites  can  offer  performance 
unmatched  by  larger  spacecraft  flown 
individually,  such  as  inherent  redundancy, 
more  frequent  revisits  and  an  easier 
access  to  in-orbit  resources.  if  SAR 
sensors  can  be  flown  on  lightsats  the 
total  system  cost  can  be  considerably 
reduced,  while  achieving  more  flexibility 
in  deploying  and  managing  them. 

2.1.  System  configuration  alternatives 

Ke  will  discuss  representative  missions 
streijsing  the  hi -resolution  ones  for 
defe.nse  applications.  SAR  lightsats  can  be 
launcheu  on-demand,  for  short  duration 
observation  tasks  over  specific  areas,  in 
the  event  of  geo-political  or  military 
crises.  Alternatively,  long  duration 
missions  with  lightsats  constellations  can 
be  envisaged  to  perform  continuous 
observations  within  a  given  latitude 
belt. 

The  cost-effectiveness  of  short  duration 
missions  is  nevertheless  questionable, 
considering  the  need  for  a  permanent 
ground  infrastructure  which  has  to  be 
operated  and  maintained  anyway,  and  the 
satellite  and  launch  costs  which  are 
poorly  amortized.  Permanent  constellations 
can,  instead,  offer  even  better  global 
performance  at  a  higher  initial  cost  which 
is  however  amortized  over  a  much  longer 
service  period.  Furthermore,  a  permanent 
constellation  can  provide  shorter  revisit 
intervals  and,  outside  crises  periods, 
strategic  observation  services  as  well  as 
remote  sensing  functions  for  government 
and  public  use,  with  specific  reference  to 
post-disaster  damage  assessment.  We  will 
thus  concentrate,  in  the  following,  on 
lightsat  constellations. 
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2.2.  Requirements  overview 


An  increasingly  important  requirement 
concerns  the  revisit  interval  with  which 
military  relevant  sites  must  be  observed: 
typical  values  from  few  days  to  24  hours 
apply  mainly  to  fixed  assets.  Observing 
targets  variable  in  time  or  space 
requires,  however,  much  shorter  revisit 
intervals,  of  the  order  of  few  hours. 
Concerning  ground  resolution,  5  m  are 
sufficient  for  detection,  and  in  some 
cases  recognition,  of  strategically 
relevant  fixed  or  low-mobility  assets. 
Tactical  applications  need,  however, 
better  resolutions  down  to  2  ra  or  less. 

The  swath  width  ,  or  instantaneous  field 
of  view,  must  be  commensurate  to  the 
theater:  20  to  40  Km  ,  depending  from  the 
ground  resolution,  are  likely  values.  The 
swath  must  also  be  electronically 
repositioned  inside  the  access  angle, 
providing  a  high  operational  flexibility 
in  gathering  SAR  images  of  selected  spots 
during  satellites'  overpasses.  Wide  access 
angles  are  instrumental  to  secure  a 
coverage  without  'holes'  and  to  minimize 
the  constellation's  satellites  number. 

Time  delay  minimization  between  a  request 
for  data  and  its  availability  to  the  end- 
user  is  of  utmost  importance,  specially  in 
a  tactical  situation.  Direct  access  to  the 
satellites,  during  sites  overpasses, 
followed  by  local  data  processing  and 
interpretation  by  multiple  data  stations 
deployed  in  the  theater,  are  seen  as  an 
effective  answer  to  such  needs. 

In  a  strategic  scenario  there  is  the 
additional  requirement  of  being  able  to 
observe  distant  sites  with  a  short 
turnaround  time.  Relaying  imagery  data  via 
a  Data  Relay  Satellite  network  is  the  most 
logical  and  performant  solution  to  the 
problem. 


3.  CONSTELLATIONS  DESIGN  CRITERIA 

We  must  distinguish  between  systems  aimed 
at  providing  a  global  Earth  coverage  and 
those  intended  to  cover  a  narrower 
latitude  belt  around  the  equator. 

As  a  matter  of  fact,  most  countries  where 
political  instability  is  expected  to  occur 
also  in  future  are  included  in  the  50'  N 
to  50'  S  latitude  belt:  which  may  justify 
tailored  constellations. 

3.1.  Constellations  for  global  coverage 

A  modular  solution  consists  in  injecting  N 
equispaced  lightsats  in  single  plane  sun- 
synchronous  orbits;  the  SAR  can  be 
provided  with  just  one  or  two  antennas 
looking  on  both  sides  of  the  flight  path. 
Multiple  equispaced  orbital  planes  can 
cope  with  very  stringent  revisit  interval 
requirements,  i.e.  less  than  12  hours. 


3.1.1.  Liqhtsat  Constellations  with  one- 
antenna  SARs 

The  capability  of  a  SAR  to  i.maqe  target 
areas  inside  a  wide  earth  strip  is 
proportional  to  the  access  angle,  defined 
by  the  minimum  and  maximum  SAR  off-nadir 
angles.  The  constellation  design  criteria 
should  provide  for  a  contiguous  earth 
coverage,  within  the  above  constraints.  To 
this  end,  the  fundamental  interval  is 
divided  into  !<  subintervals  whose  width 
corresponds  to  the  SAR  antenna  access 
angle  projected  onto  the  equator.  If  the 
minimum  and  naxi.mun  off-nadir  angles 
satisfy  the  constraints  ot  Fig.  3.1.1., 
then  the  strips  accessible  to  the  N 
satellites  will  be  contiguous. 

Fig.  3.1.1.  SYSTEM  GEOMETRY 
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In  one  orbit  period,  the  N  satellites  will 
have  covered  an  Earth  slice  as  wide  as  the 
fundamental  interval,  and  the  cycle  will 
repeat  providing  a  continuous  Earth 
coverage  up  to  a  latitude  close  to  the 
sunsynchronous  orbit  inclination. 


With  the  constraint  of  keeping  the 
minimum  and  maximum  off-nadir  angles  close 
to  20'  and  50'  respectively,  the  number  of 
satellites  N  depends  from  the  orbit 
altitude  and  access  angle,  as  shown  in 
Fig. 3. 1.2.  and  Table  3.1.1. 
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Table  3.1.1.  Satellites  number  vs. 


orbit  altitude 


Installing  the  SAR  antenna  on  the  left 
side  decreases  slightly  the  maximun 
observable  latitudes,  a  feature  common  to 
all  retrograde  orbits.  Fig.  3  .  l .  t .  also 
shows  the  revisit  intervals  vs.  latitude: 
the  12  hours  value  is  confirmed,  with 
minor  .'aviations  above  60'  due  to  the 
inclination  of  the  orbit  plane  combined 
with  the  orientation  of  the  SAR  antenna. 

3.1.2  Lightsat  Constellations  with  two- 
antennas  SARs 


With  this  arrangement,  the  concept  of 
repeat  cycle  looses  partly  its  meaning:  in 
other  words  since  a  contiguous  earth 
coverage  can  be  achieved  dayly  and  SARs 
are  not  sensitive  to  sun  illumination 
conditions,  orbit  repeat  cycles  of  1,2,3 
or  more  days  can  be  chosen.  This  provides 
more  freedom  in  choosing  the  orbit 
altitude,  which  is  a  critical  factor  for 
SAR  dimensioning  due  to  lightsats  power 
limitations.  On  the  other  hand,  the 
variability  of  the  incidence  angle,  with 
which  a  site  can  be  observed  during 
subsequent  days  in  the  repeat  cycle,  may 
be  considered  a  positive  feature  in  view 
of  the  possibility  of  implementing  a  slow 
sampling  rate  incidence  angle  diversity 
system,  which  nay  enhance  the  recognition 
of  fixed  assets. 

Since  SARs  can  operate  day  and  night,  the 
one-orbit  plane  coi. figuration  achieves  a 
nominal  12  hours  revisit  interval  over 
most  sites.  If  revisit  intervals  shorter 
than  12  hours  are  required,  M  equispaced 
orbit  planes  can  be  implemented,  and  the 
average  revisit  interval  will  be  12/M 
hours.  The  price  to  be  paid  is  an  M-fold 
increase  in  the  satellites  number. 
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The  constellation  design  criteria  were 
verified  through  extensive  computer 
simulations.  Results  for  an  8  equispaced, 
single  plane,  satellite  constellation  in  a 
362  Km  sun-synchronous  orbit  are  shown  in 
Fig. 3. 1.3.  for  a  SAR  antenna  looking  to 
the  right  of  the  flight  direction. 


The  system  geometry  in  Fig.  3.1.1.  is  suc.h 
that  the  access  angles,  and  the  gap  in 
between,  subtend  identical  arcs  on  the 
equator,  corresponding  to  1/Nth  of  the 
fundamental  interval.  After  1/Nth  of  the 
orbit  period,  the  previously  unaccessibie 
strip  is  now  visible  by  the  2nd  satellite; 
after  2/Nth  of  the  orbit  period,  the  strip 
accessed  by  the  left  antenna  on  the  1st 
satellite  is  now  visible  by  the  right 
antenna  on  the  third  satellite.  Each  strip 
can  be,  thus,  accessed  twice  by  different 
satellites  with  a  time  delay  of  2/N  of  an 
orbit  period:  see  Table  3.1.1.  In  summary, 
the  presence  of  two  antennas  does  not 
change  the  number  of  satellites  required 
to  achieve  a  contiguous  Earth  coverage, 
but  allows  looking  at  the  same  target  with 
different  incidence  angles  after  a  rather 
short  tine  delay.  This  allows  implementing 
a  fast  sampling  rate  incidence  angle 
diversity  system,  for  target  detection  and 
recognition  enhancement  purposes.  Besides, 
target  shadowing  effects  will  be  lessened, 
since  the  same  area  can  be  observed  from 
both  right  and  le'^t  directions.  With  a 
two-antenna  SAR  payload,  stereo  SAR 
imaging  in  lateral  vision  could  be 
ultimately  implemented,  provided  that 
suitable  processing  techniques  will  be 
developed . 

3.2.  Constellations  for  reduced  latitude 
belt  coverage 

Observation  systems  tor  limited  latitude 
belt  coverage  exploit  the  characteristics 
of  low  to  medium  inclination  non  sun- 
synchronous  orbits.  This  is  possible  due 
to  the  SAR  indipendence  from  sun 
illumination  conditions.  Low  orbit 
inclinations  give  several  advantages. 

First,  the  number  of  satellites  required 
to  contiguously  cover  the  fundamental 
interval  is  less  than  with  sun-synchronous 
orbits.  This  is  shown  in  Table  3.2.1. 
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6 

Table  3.2.1.  Non  sunsynchronous  orbits 


constellations:  satellites 
vs.  altitude  and  inclination 


:6-4 


giving  the  number  of  satellites  per  plane 
vs.  the  orbit  inclination  and  altitude, 
with  the  additional  constraint  of  minimum 
and  maximum  off-nadir  angles  of  20'  and 

50*  . 

Second,  at  latitudes  close  to  the  orbit 
inclination  the  ground  tracks  are  denser 
and  move  east-west  i,'istead  of  north- 
south.  This  feature  may  be  very  usefull  in 
certain  regional  scenarios. 

However,  if  all  satellites  are  in  the  same 
plane  there  will  be  a  clustering  of 
revisits  every  24  hours.  To  achieve  an 
even  spreading  of  the  revisits  trough  the 
day,  it  is  essential  to  redistribute  the 
satellites  in  M  orbital  planes,  with  a 
proper  phasing  (right  ascension  and 
satellites'  true  anomaly) .  An  example  of 
application  was  presented  in  [1]  and  is 
also  mentioned  in  a  companion  paper  [2]. 

Third,  one  may  combine  orbital  planes 
having  different  inclinations  and  same 
fundamental.  Coverage  continuity  needs  a 
proper  phasing  of  satellites  orbital 
parameters,  achieving  also  a  reduction  of 
the  revisit  intervals  at  latitudes 
corresponding  to  each  orbit  plane 
inclination.  This  approach  reduces  the 

spread  in  the  average  revisit  intervals, 
typical  of  constellations  with  one  orbit 
plane  inclination  only. 

3.3.  Impact  of  orbit  plane  orientation  on 
lightsats  design 

The  orbit  plane  orientation  plays  a 

fundamental  role  in  lightsat  design. 

Single  plane  down-dusk  sunsynchronous 
orbits  are  very  convenient  for  SAR 

satellites:  infact  fixed  solar  arrays  may 

be  used  since  they  are  always  illuminated 
by  the  sun.  This  facilitates  continuous 
SAR  operation,  unrestrained  by  batteries 
capacity.  Solar  array  wings  are  parallel 
to  the  orbit  plane  minimizing  the 
drag  effect.  One  side  of  the  spacecraft  is 
always  exposed  to  cold  space  providing  an 
ideal  heat  sink  for  thermal  control. 

Multiple  planes  sunsynchronous  orbits  can 
be  oriented  symmetrically  w.r.t.  the  6  AM- 
6  PM  plane  implying  sun-tracking  solar 
arrays.  Earth  shadowing  for  about  50%  of 
the  orbit  will,  anyway,  result  requiring 
to  support  the  SAR  operation  from  on-board 
batteries.  Besides,  the  variable  sun 
vector  incidence  on  the  satellite,  during 
the  orbit,  complicates  the  thermal 
control.  Nevertheless  the  sunsynchronicity 
and  system  symmetry  ,  the  latter  only  in 
case  of  an  even  number  of  orbit  planes, 
will  help  in  controlling  the  growth  in 
system  complexity. 

This  will  not  be  so  in  case  of  non- 
sunsynchronous  inclined  orbits.  The  dayly 
nodal  shift  will  cause  a  slow  motion  of 
the  orbit  plane  w.r.t.  the  sun  vector.  The 
system  design  must,  then,  cope  with 
orbital  period  time— varying  phenomena  as 
well  as  with  slowly  changing  ones. 

This  may  considerably  affect  the  satellite 
design,  SAR  operation  and  mission 
planning.  vath  medium  inclination  orbits. 


the  solar  array  design  becomes  even  more 
critical,  requiring  a  2-DOF  sun-tracking 
mechanism.  The  necessity  lor  continuous 
solar  wings  reorientation  will  cause  a 
time-changing  satellite  cross-section 
adding  another  variable  to  the  problem  of 
drag  compensation.  Besides,  variable 
external  torques  may  impact  the  satellite 
attitude  control,  specially  at  low 
altitudes.  The  thermal  control  also 
becomes  more  critical  due  to  the  !uli 
variability  of  environmental  conditions. 

In  summary  the  complexity  and  cost  of  SAR 
lightsats  increases  going  t ren  down-dusk 
to  multiple  planes  sunsynchronous  orbits 
and,  eventually,  to  single  or  multiple 
inclined  non  sunsynchronous  orbits.  The 
increased  satellite  complexity  necesariiy 
reduces  the  payload  accomodation 

capability  for  the  same  launch  mass.  These 
considerations  must  be  borne  in  mind  when 
evaluating  the  mission  benefits  of  various 
orbit  alternatives. 

4 .  SAR-CARRYIKG  LIGHTSATS 

4.1.  Capabil ities  and_  ! imitations  of 
I iqhtsats 

The  design  of  a  SAR-carry inq  iiahtsat  must 
follow  a  botton-up  approach  starting  from 
a  set  ct  constraints  and  defining  which 
performance  can  oc  reasonably  achieved.  A 
lightsat  carrying  a  SAR  sensor  for 
professional  uses  cannot  be  too  small;  a 
500  to  800  Ki  launch  mass  range  was 
chosen,  being  within  the  injection 
capabilities,  in  LEO,  of  several  planned 
small  launch  vehicles.  For  a  5  years 
lifetime,  drag  compensation  is  the 
dominant  factor  in  sizing  the  propulsion 
system.  A  companion  paper  '  .i ;  shows  that, 
lor  long  mission  durations,  electric 
propulsion  is  mandatory  to  keep  the 
propellant  mass  within  100  Kg  at  very  low 
altitudes.  The  .issociatcd  DC  power 
consumption  must  be  considered  in 
satellite  power  plant  sizing. 

The  SAR  .antenna  cannot  be  too  large:  when 
folded  and  stowed  it  must  fit  the  limited 
volume  inside  the  shroud  envelope:  its 
mass  and  area  must  be  compatible  with  the 
attitude  control  capabilities  and  should 
not  contribute  significantly  to  drag.  An 
antenna  lenght  of  6  m  and  a  width  of  1.5  ra 
were  defined  as  upper  bounds. 

The  SAR  will  normally  operate  for  a 
fraction  of  the  orbit  period,  so  that  two 
parameters  are  of  cancern:  the  average 
energy  per  orbit  and  the  required  peak 
power.  Both  increase  with  orbit  height, 
therefore  SAR-carry ing  lightsats  must 
preferably  fly  rather  low. 


The  average  energy  callectej  by  ••he 
lightsat  depends  from  the  chosen  orbit 
plane  orientation  w.r.t  the  sur.. 
Typically,  it  can  be  in  the  0.7  to  1.8 
KWh/orbit  range.  Considering  the  energy 
consumed  by  essential  platform  functions, 
that  available  to  payload  is  between  0.5 
and  1.3  KWh/orbit. 


For  a  typical  20%  operating  duty,  a  SAR  DC 
peak  power  consumption  of  1.5  to  4  KW 
could  be  fitted  from  pure  energy 
considerations.  Nevertheless,  this  would 
imply  to  rely  heavily  on  batteries.  More 
conservatively,  a  DC  power  to  SAR 
allocation  in  the  0.5  to  1.5  KW  range  was 
retained  for  system  trade-offs.  Concerning 
data  rates,  an  upper  technology  bound  of 
200  Mbit/sec.  was  also  assumed.  In  view  of 
the  above,  a  SAR  payload  mass  allocation 
in  the  150  to  250  Kg  range  results,  for  a 
500  to  800  Kg  spacecraft  launch  mass 
range . 

4.2.  SAR  SENSORS  FOR  LIGHTSATS 

Ke  review  the  main  trade-offs  impacting 
the  SAR  design  in  presence  of  constraints. 
The  SAR  will  normally  operate  in  the 
STRIPMAP  node:  the  swath  will  be 
electronically  repositioned,  inside  the 
access  angle,  by  beam  steering  in  the 
elevation  plane  only.  This  operating  mode 
was  found  to  be  adequate  for  the  intended 
high  resolution  missions,  given  the 
lightsats  constraints.  Other  SAR  operating 
■nodes,  such  as  SCANSAR,  are  also  iva  liable 
if  required  by  the  mission. 

4.2.1  Image  i nterpretat ion ,  target 
characteristics,  and  S/H 

For  extended  targets  high  resolution 
images  in'-erpretation  is  more  related  to 
pixel  size  than  to  radiometric  resolution. 
A  single  look  S/N  of  5  dB  was  chosen  for 
SAR  dimensioning.  SAR  operating  at 
different  frequencies  respond  differently 
to  the  physical  characteristics  of  the 
Earth  surface,  in  terms  of  backscattering 
coefficient  vs.  the  incidence  angle.  For 
the  same  backscatter  coefficients  and 
swath  width  the  average  transmitted  RF 
power  increases  fourfold  from  S  to  X  band. 
Nevertheless  the  average  backscatter  from 
typical  ground  surfaces  also  increase  by  6 
dB  from  S  to  X  band,  so  that  the  two 
effects  compensate  and  it  could  be 
possible,  in  principle,  to  transmit  the 
same  power  at  both  bands.  For  discrete 
targets,  however,  the  determining  factor 
is  the  contrast  ratio  against  the  speckled 
clutter  The  relative  merits  of  X  vs.  S 
band  are  still  unresolved  due  to  the  large 
variety  of  possible  scenarios  and  the 
scarcity  of  experimental  data  at  X  band. 
Assuming  frequency  independent  target 
Radar  Cross  Sections,  the  SAR  should  be 
designed  for  the  same  S/N  indipendently 
from  frequency.  This  criterion  results  in 
an  increase  of  the  transmitted  RF  power 
with  the  operating  fiiquency,  penalizing 
the  X-band  choice.  In  the  following 
reference  is  made  to  a  sigma-nought  of  -15 
dB  independent  from  frequency  and  off- 
nadir  angles. 

4.2.2.  Frequency  choice ,  ■  _gss  angle, 
and  resolution 

In  sizing  the  SAR  access  angle,  too  low 
off-nadir  angle  values  should  be  avoided, 
not  to  look  at  targets  with  near  vertical 
incidence.  Too  large  values  should  also  be 
avoided  to  reuuce  shadowing  effects  and 
excessive  image  distorsions. 


Besides  these  (jualitativo  considerations 
.more  precise  limit.s  .ire  c-et  by  botn 
regulatory  and  1  iqhts..its  ..scconraodation 
restreints.  The  upper  value  impacts  t.ne 
transverse  antenna  dimensions,  as  shown  in 
Fig. 4. 2,1.  showing  the  antenna  width  vs. 
the  maximum  off-nadir  ang'e,  operating 
frequency  and  spacecraft  altitude  to 
swath  ratio  H/Sw. 

. 
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5  i 
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Fig.  :.2.1.  Antenna  width  vs,  frequency 
band,  maximum  off-nadir  angle  and  H/Sw 
ratio . 


This  Figure  shows  that,  at  X-band,  a  50 
off-nadir  angle  is  both  feasible  and 
compatible  with  the  assumed  antenna 
constraints  even  increasing  the  H/Sw  ratio 
to  20  (e.g.:  H=500  Km  a. d  Sw=25  Km). 

At  C-band,  one  has  to  superiorly  limit  the 
maximum  off-nadir  angle  to  about  40', 
loosing  in  coverage;  alternatively  a 
maximum  H/Sw  ratio  of  about  12  could  be 
chosen  implying  however  an  a.ltitude  ot 
only  300  Km  for  a  25  Km  swath. 

S-band  antennas  can  hardly  be  accomodated 
on  lightsats  at  all  ott-nadir  angles  and 
orbit  heights. 


'  I  '  t  r  •''Q  I  •  . 


fig.  4.2.2.  Chirp  bandwidth  vs.  range 
resolution  and  off-nadir  angle. 


The  lower  bound  of  the  otf-nadir  angle  is 
determined  by  the  SAR  chirp  bandwidth^  as 
shown  in  Fig. 4. 2. 2.  for  range  resolutions 
between  2  and  5  m. 

The  instantaneous  SAR  bandwidth  must  be 
compatible  with  international  bandwidth 
allocations  for  Radar  systems  operating  in 
the  various  frequency  bands.  it  turns  out 
that,  considering  the  100  Mhz  bandwidth 
allocation  for  C-band  space  radars,  a  5  m. 
range  resolution  limit  must  be  accepted, 
or  a  severe  restriction  in  the  minimum 
offnadir  angle  to  about  40“  would  result, 
impacting  negatively  the  coverage  or  the 
number  of  satellites  in  the  constellation. 
On  the  other  hand,  a  2  m  range  resolution 
at  20*  minimum  offnadir  angle  is 
compatible  with  both  X  and  S-band  choices, 
since  bandwiths  of  respectively  300  and 
200  MHz  are  available  for  this  service. 

Azimuth  resolution,  in  the  SAR  stripmap 
mode,  depends  from  antenna  ienght  and 
looks  number.  It  is  between  2  and  3  m  for 
antenna  lenghts  in  the  4-6  m  range,  with  1 
look.  The  situation  is  summarized  in  Table 
4.2.1.  which  identifies  two  possible 
system  alternatives: 

-  a  medium-high  resolution  c-band  SAR  for 
constellations  in  low  to  medium  altitude 
orbits : 

-  a  high  resolution  X-band  SAR,  for 
constellations  in  medium  altitude  orbits. 
The  S-band  alternative  is  rejected  being 
incompatible  with  typical  lightsat 
accommodation  constraints. 


Freq. 

Avail 

.  Range 

Azim. 

Maximum 

band 

BW 

resol . 

resol . 

H/Sw 

(MHz) 

(m) 

(m) 

(*) 

S 

200 

2 

2-3 

<  20 

C 

<100 

5 

2-3 

<  12 

X 

300 

2 

2-3 

not  compatib. 

{*)  at  50- 

off-nadir,  Nlooks=l 

Table 

4.2.1 

.  Impact 

of  frequency  band 

and 

lightsats  constraints  on 

SAR 

feasibility 

4.2.3 

X-band  SAR: 

Swath , 

data  rates, 

,  and 

This  section  focuses  on  X  band  SAR  trade¬ 
offs.  The  swath,  off-nadir  angles, 
resolution,  pulse  Ienght,  orbit  height, 
and  average  RF  power  are  closely 
interrelated. 

At  a  medium  altitude  of  360  Km  and  maximum 
off-nadir  angle  of  50’,  achievable  swaths 
and  average  RF  powers  vs.  ground 
resolution  and  pulse  Ienght  are  plotted  in 
Fig.  4.2.3.  Increasing  the  pulse  Ienght 
one  looses  in  swath  width  but  peak  powers 
decrease  too.  More  specifically  for  pulse 
Ienght  greater  than  20  microsec.  peak 
powers  below  1  KW  are  feasible,  while 
below  15  microseconds  multikilowatt  peak 
power  levels  result,  impacting  HPA 
technology  choice  and  reliability. 


width.  Urn 


Fig.  4.2.3.  Average  transmitted  RF  power 
vs.  swath  width,  azimuth  resolution  and 
pulse  Ienght. 
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Fig.  4.2.4.  Data  rate  vs.  swath  width, 
azimuth  resolution  and  pulse  Ienght. 

Orbit  height:  360  Km;  off-nadir  angle:  50' 


Fig.  4.2.4.  shows  how  the  data  rate  varies 
with  swath  and  ground  resolution,  assuming 
to  transmit  4  bits/sanple,  is  felt 
to  be  adequate  for  most  tactical  SAR 
imaging  applications.  The  data  rate 
increases  with  swath  and  even  more  rapidly 
with  ground  resolution,  and  is  therefore  a 
limiting  factor  for  such  satellite 
systems.  The  assumed  200  Mbit/sec  upper 
bound  is  compatible  with  a  20  Km  swath  at 
2  m  resolution,  or  a  35  Km  swath  at  2.5  ro 
resolution.  Lower  data  rates  would  imply 
narrower  swaths,  and  viceversa. 
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.'able  4,2.;.  Averaqe  transitiittcd  RF  power 
vs,  orbit  altitude,  swath  and 
resolution  at  50‘  ott-nadir. 


This  confirms  the  desire  tor  tlyinq  dARs 
at  rather  low  altitudes,  ..'oopatibly  with 
coverage  and  revisits  goals.  Once  the 
swath  is  chosen  it  is  kept  constant, 
independently  iron  its  rcposit icning 
inside  the  access  angle,  and  so  is  t.hc 
peak  power  tor  obvious  hardware 
constraints.  However,  iron  50'  to  20'  ott- 
nadir,  the  antenna  boara  in  the  olevatic.n 
plane  nust  be  broadened  to  cover  The 
-iwath.  As  a  result  the  pulse  dur.iticn  rust 
10  gradually  increased  To  recover  The 
toanbroadenir.q  losses.  .'hus,  at  2;  ct:- 
nadir,  the  average  transn i ttca  'Ar  pewor  '.s 
well  as  the  absorbed  DC  power.  is  secut 
1.5  tir.es  that  at  50  ott-nadir. 

other  CAR  nodes  can  bo  i rpl orented 
according  to  mission  needs,  trading  c:t 
geometric  with  radiometric  resolutions 
(multi-look  modes),  or  ai imuth  resolution 
with  swath  widths  (  .SCANSAR  .-ode),  cr 
ranoe  resolution  with  average  power, 
adaptively  changing  the  chirp  b.  nawidth 
and  pddk  pulse  power  and  or  pulse 
Juration.  The  .''nacecralt  lesicn  ic.  .inyway 
determined  by  the  most  ierandino  ni- 
rcsolution  tasks. 

C -band  S AR  T ;ade-ot  f s  r esults 

Parametric  evaluations  were  also  pertorned 
It  C-band,  achieving  similar  results  in 
terms  ot  swath  widths,  which  are  anyway 
superiorly  limited  by  the  antenna  width. 

■Substantially  lower  P.F  average  transmitted 
powers,  as  well  as  DC  power  requirements, 
are  needed  consistently  with  the  lower 
range  resolution  feasible  at  C-band.  A 
SCANSAR  mode  would  equalize  the  azimuth 
and  range  resolutions  while  nearly 
doubling  the  width  of  the  imaged  ground 
strip  w.r.t.  a  hi-resolution  X-band 
implementation.  In  this  way  a  simple 
medium  resolution  SAR  could  be  implemented 
for  wide  area  surveillance  tasks. 

4.2.4.  SAR  antenna  requirements 

A  phased  array  with  electronic  scanning  in 
the  elevation  plane  will  position  the 
swath  within  the  access  .ingle.  Besides 
providing  beam  steering  in  a  »-15'  w.r.t. 
the  antenna  normal ,  phase  control  must 
■also  provide  bcambroadening  in  the 
olevat'  'h  plane  to  match  antenna  boamwidth 
to  the  swath  position  inside  the  access 
■ingle . 


Achieving  such  features  wit‘<  p.nase  control 
only  (  constant  amplitude  illumination 
being  preferred  to  reduce  antenna  width  at 
maximum  off-naair  ,:nqle)  may  be  an 
■incrivial  task,  but  ;t  ; :.-'-is;b!e.  At 
band  a  passive  si.nnle  po  i  ■>.  r : .it  ion  oesjqn, 
using  multiple  ii-ineLs  raaiatir.q 

waveauide  sict-s  li-u  :  y  ,v.er  Iividers 
Tarrying  embedded  r-nase  rn  i :  ters  .  c.jn  be 
real  ized  starting  from  .ilre.iuy  proven  tut 
simpler  Jcsiqn  at  <  stccilic  weight 

of  ;0  to  12  Kg/m'2  With  iosc  than  i.y  uH 
losses.  probably  i  lahtor  TvChnoiogY  C.in 
ilso  bo  implemente-'J  .it  C-rar.:;. 


■■■it.i  •:  r;inu.T.  ISO  i  on  i  ;;.ic  ;  ;  .  T  .  ■  ;ro  very 

import.i.nt  to  luitii:  *  he  ,'uservat  i  on 
missions  .herein  ■cn;". i.Jore  ; .  Two  m.'iin 
ipproacnes  wore  considered:  ;ircct  data 

transmission  t'O  ground  un.i  Tr.c  use  of  data 
rGl.iy  satellites.  ,:n  board  ..torage  with 
subsequent  uata  dump  w  is  .’.;t  considered 
practical  and  olfcctivc,  i.so  due  to 
e-xpocted  near-term  tcchnolcny  limitations. 


. 1.  Direct 


ransm  u'S 


The  imbl  icity  g  this  ..mpreveh  is  partly 
■ittsct  uy  ...'overaao  .imitations,  -which 
r'endor  -iirect  transmission  u.nsuitabio  when 
r.crforrinil  TAR  observations  .".'er  sites  too 
lar  -ipart  :  rom  the  dat-i  ttiiticn. 

In  a  tactical  scenario,  however,  opposing 
forces  arc  normal  ly  depicyed  within  a 
■iirclG  a  few  hunared  riics  wide.  Data 
rccoiViha  .stations  Icpi  ^  within,  or 

Close  TO.  the  theater  c.in  ■  isiiy  .ic'ccss 
the  satollitos  ct  t.he  const.'.,  ition  during 
■overpasses  and  ''let  rea  i -T.  i .' o  .lata  iCr 
immediate,  on-site,  ground  processing . 
Table  5.1.1.  summarizes  the  projected 
characteristics  ot  a  direct  trasmissicn 
system  at  X-band. 

**  s'atel  1  ite~tGrmina  1 

-  Frequency:  P  GHz 

-  Antenna;  mechanical  steer ina ,  driven  by 

on-board  .-wiv  i q-at :  .:in  system; 

-  EIRP  :  27  dBW  (Ant.  pwn:.;  IB: 

Tx  pwr:  ;  :  vc  ; 

-  Data  rate:  up  to  200  ’•'.bit  sec: 

-  Modul . /coding:  QP-GK-'  '  4  dB  coding  gam; 

-  Rass  and  DC  power:  iO  Kg,  0  W 
**  Receiving  .Station 

-  Antenna:  transportable,  with  tracking; 

-  G/T:  16  dB/K'  (Ant.  diam.:  I. 8  m); 

-  Slant  range;  up  to  .'MOO  Km; 

-  System  margin:  •  i  JB 

fabTe  Data  T  r.ar.  -mi  ns  ion  to 

ground:  ilystcj:  performance 
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For  a  single  plane  sun-synchronous  orbit 
constellation,  meeting  the  design  criteria 
discussed  in  3.1.1..  the  accessible  area 
from  the  satellite  passes  in  visibility  of 
a  data  receiving  station  has  been 
parametrically  evaluated  for  a  minimum 
elevation  angle  above  the  horizon  of  5’. 
It  must  be  noted  that  the  above  area  can 
be  accessed  two  times  per  day  and  per 
orbit  plane:  multiple  orbital  planes 
constellations  will  increase  the  dayly 
number  of  such  'events'.  Table  5.1.2. 
shows  the  number  of  usefull  satellite 
passes  and  total  accessible  area  vs.  orbit 
altitude.  The  total  available  access  time 
is  between  2500  to  3100  sec.,  pe>-  'event', 
during  which  500  to  600  images  typically 
30  by  30  km  wide,  could  be  made  available 
to  the  data  station.  Such  values  may, 
obviously,  be  reduced  due  to  real-time 
ground  processing  limitations. 


orbit 

Number  of 

Access ible 

Total 

altitude 

satellite 

area 

access 

(Km) 

passes 

(10'6  Km'2) 

time(s) 

268 

10 

4.9 

2500 

362 

9 

7 .6 

to 

460 

7 

9.8 

3100 

Table  5.1. 

.2.  Direct 

transmission 

to  ground 

mission 

related  performance 

5.2.  Data  transmission  via  Data  Relay 
Satellites 


For  strategic  observations  over  sites  not 
in  direct  visibility  of  ground  stations, 
the  use  of  a  DRS  network  will  be  a  cost- 
effective  and  performant  solution.  Our 
studies  have  shown  that  ,  in  view  of  the 
severe  lightsats  volume  and  mass 
limitations,  Inter-Orbit  Links  should 
preferably  be  carried  out  at  60  GHz. 
Efficient  coding  schemes  providing  >  4  dB 
coding  gain  must  also  be  used  to  further 
decrease  antenna  size  and  power 
requirements  on  both  user  terminal  and 
Data  Relay  Satellite.  The  DRS  repeater 
will  feature  onboard  aemodulation- 
remodulation,  while  decoding  is  performed 
on  ground. 

Table  5.2.1.  outlines  the  key 
characteristics  of  a  DRS  transmission 
system  based  on  60  GHz  user-to-DRS  links 
and  the  20  GHz  band  for  DRS-to-ground 
links. 


**  Satellite  terminal: 

-  Frequency;  60  GHz  band 

-  EIRP:  57.5  dBW  (1.5"  ant.diam. ; 

10  W  Tk  pwr) 

-  Mod. /coding:  QPSK/  >4  dB  coding  gain: 

-  Data  rate:  up  to  200  Mbit/sec.; 

-  Mass  and  DC  power:  15  Kg,  70  W 
**  DRS  payload: 

-  Frequencies:  60  GHz  Rx;  20  GHz  Tx; 

-  G/T;  33  dB  (2.1  m  ant.diam.  at  60  GHz); 

-  EIRP:  56  dBW  ( 1  m  Tx  ant.); 

*•  Data  Station: 

-  G/T  ;  27  dB/K’  (12"  ant.diam.); 

-  Slant  range:  to  synchronous  orbit; 

-  System  margin:  >  8  dB 

Table  5.2.1.  Data  transfer  to  ground  via 
Data  Relay  Satellites 


6.  PLATFORM  DESIGN  REQUI PEHEHTS 


To  complete  this  overview  on 
constellations,  the  satellites 
aspects  and  the  main  platform 
considerations  are  addressed 
following . 


1 iqhtsat 
control 
design 
in  the 


6 ■ I  Orbit  control 


Accurate  orbit  control  is  i-mportant  tor 
two  reasons: 


-  to  take  images  of  specific  targets,  when 
the  satellite  is  not  directly  visible  from 
ground,  according  to  preloaded  time- 
related  instructions.  Concerning  this 
point  a  positional  error  contribution  of 
up  to  0.3  to  0.5  Km  could  be  tolerated, 
which  will  decrease  the  effective  imaged 
area  by  less  than  5  percent.  Accurate 
orbit  keeping,  in  presence  of  drag  and 
other  external  forces,  is  mandatory  to 
avoid  coverage  gaps  due  to  differential 
lags  between  satellites  of  the 
constellation,  and  nay  be  implemented  with 

electrical  propulsion  on  long  duration 
missions.  Orbit  Keeping  in  a  tight 
altitude  deadband  requires  thrust 
modulation  which  will  benefit  from  the 
presence  of  an  autonomous  navigation 
system.  However  long  lifetime  operation 
of  electric  thrusters  has  to  be 
demonstrated . 


-To  support  removal  of  satellite  orbital 
position  related  errors  during  ground 
image  processing.  For  high  resolution  X- 
band  SAR  imaging,  the  tolerable  error  in 
the  orbit  position  estimate  is  in  the 
range  of  300  m,  above  which  SAR  imaging 
degradations  will  occur. 

Impleimenting  a  GPS-basod  autonomous 
navigation  syste  may  achieve  a  real-time 
three  dimensional  orbital  position 
restitution  with  100  to  200  m  accuracy, 
thus  meeting  the  above  requirements. 

6.2  Attitude  control 


Spacecraft  attitude  control  impacts  two 
performance : 

-  the  accuracy  with  which  the  swath  can  be 
positioned  inside  the  access  angle; 

-  the  quality  of  SAR  images  after  ground 
processing. 

It  is  important  to  distinguish  between 
attitude  control  and  attitude  restitution, 
with  SAR  electronic  beam  repointinq, 
satellite  attitude  errors  in  roll  affect 
mainly  the  swath  positioning  and  can  be 
partly  corrected  if  the  roll  attitide  is 
known  with  a  better  accuracy  than  the 
spacecraft  attutude  control.  Yaw  and  pitch 
attitude  errors  impact  the  image  quality 
and  must  be  strictly  controlled.  If  their 
restitution  is  known  with  an  accuracy  3  to 
5  times  better  than  their  control,  error 
removal  during  ground  processing  will  be 
easier.  Under  these  assumptions,  a  0.1‘ 
attitude  error  in  roll  control  and  less 
than  0.08"  in  pitch  and  yaw  control  can  be 
set  as  reasonable  goals. 


Nevertheless  high  frequency  attitude  error 
components,  as  might  be  induced  by 
flexible  appendages  subjected  to  transient 
forces,  must  be  minimized  due  to  the  bad 
effect  they  may  have  on  image  quality. 

6.3  Spacecraft  platform  requirements 

We  outline  some  platform  subsystems  design 
aspects  most  relevant  to  SAH  performance 
and  operation. 

Low  orbit  altitudes  will  require  electric 
propulsion,  which  must  be  considered  an 
enabling  technology  [3]  for  these  SAR 
lightsats  missions,  as  already  discussed. 
Nevertheless,  flying  satellites  at  low 
altitude  has  also  positive  effects,  i.n 
particular  concerning  the  more  benign 
environment  [5]. 

The  structure  design,  departing  from 
conventional,  should  adopt  a  highly 
integrated  approach  where  a  truss  frame 
utilizes  important  SAR  payload  components, 
like  the  antenna  or  big  boxes,  as  part  of 
the  structure  itself,  in  order  to  save 
.mass.  Since  the  bulk  of  the  heat  is 
produced  by  the  SAR  HPA,  neat  rejection 
should  be  by  direct  radiation  to  space  -is 
tar  as  practical:  this  is  certainly  easier 
on  down-dusk  orbits. 

The  solar  array  design  is  strongly 
dependent  upon  the  SAR  payload  operating 
duty.  Infact,  since  the  SAR  will  normally 
operate  for  short  intervals  totalling  5  to 
10  %  of  the  orbit  period,  payload  supply 
can  normally  be  from  battery,  the  solar 
array  serving  mainly  for  battery 
recharging.  The  orbit  plane  choice,  and 
the  percentage  of  time  spent  in  Karth- 
shadow  per  orbit  period,  will  also  impact 
the  solar  array  sizing  to  provide  the 
required  energy.  Besides,  electric 
propulsion  DC  power  requirements,  will 
also  increase  the  solar  array  sizing. 
Accordingly,  the  solar  array  type  may 
range  from  a  fixed  wings  configuration, 
suitable  for  satellites  in  sunsynchronous 
down-dusk  orbits,  to  a  sun-trackinci 
configuration  for  spacecraft  in  low  to 
medium  inclination  orbits. 

On  the  above  grounds,  long  lifetime 
operation  of  mass-efficient  batteries, 
subjected  to  rather  deep  and  periodic  (up 
to  30000)  discharge-recharge  cycles  is  an 
oustanding  issue  for  such  L.E.O. 
observation  lightsats  equipped  with  SAR 
sensors . 

Spacecraft  telecommand  rust  be  secure,  and 
possibly  jam-proof,  to  avoid  unauthorized 
entries  to  the  satellite  system.  Data 
encryption  must  be  also  implemented,  in 
spacecraft  telemetry  and  SAR  data 
transmission  to  ground,  to  prevent 
eavesdropping  by  unauthorized  users. 


7 .  CONCLUSIONS 

Lightsats  in  the  iOO  to  800  Kg  range-  can 
carry  EAR  sensors  tor  high  resolution  j .' 
to  3  n) ,  short  revisit  interval,  tactical 
observation  missio.ns.  y.c-d  i  u.m  resolution 
(order  of  5  m)  .missions.  tor  strategic 
and,  in  general,  international  law- 
enforcement  applications,  are  also 

feasible.  Such  spacecraft  can  form 
permanent  constellations  ot ,  typically,  t 
to  8  satellites  per  orbit  plane  to  provide 
global  coverage.  riultiplo  orbit  planes 
constellations  can  offer  enhanced 
performance,  allowing  also  a  gradual 
system  build-up.  .S.maller  constellations 
of  4  to  6  spacecrait  can  be  also 
i.mplemented  to  cover  a  narrower  latitude 
belt  around  the  equator,  while 
siqni f icantly  improving  the  average 
revisit  intervals  at  sites  to  the 

orbits  inclinations. 

In  summary,  SAR  lightsats  constellations 
can  offer  certain  performance  unmatched  by 
existing,  or  planned,  single  and  larger 
observation  satellites  and  can  provide  a 
v.aluabie  answer  to  specific  cporaticnai 
.military  needs  i.n  both  tactical  and 
strategic  scenarios.  The  required 
technologies  exist,  with  low  exceptions 
needing  an  early  in-orbit  demonstration  ot 
devices  being  now  developed.  Nevertheless, 
advances  in  lew  iields  will  certainly 
benefit  future  generation  lightsats. 
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Abstract 

The  payload  concept  covered  by  this 
paper  is  that  of  a  low  cost,  high 
performance  radar  sensor  capable  of 
detecting  and  recognising  static  objects 
within  an  imaged  scene  of  the  Earth’s 
surface  using  the  Synthetic  Aperture 
Radar  (SAR)  technique  .  The  overall 
system  is  integrated  with  a  TACSAT 
platform  in  Low  Eanh  Orbit  (LEO)  and. 
although  only  passing  reference  is  made 
to  this  feature  in  the  paper,  the  radar 
could  also  have  a  capability  for  the 
detection  of  Ground  Moving  Targets 
(GMTI). 

The  paper  provides  a  parametric  review 
of  such  a  sensor  in  the  light  of  the  target 
and  background  features  to  be  observed. 
A  design  concept  is  included  showing  the 
possible  hardware  realisation  of  a 
candidate  system,  as  well  as  budgets  for 
the  mass,  size,  power  and  pointing 
requirements  of  the  instrument. 
Additional  design  features  considered  are 
the  influence  that  short  duration  missions 
may  have  on  hardware  redundancy  and 
the  effect  of  short,  low  duty-cycle 
observation  periods  on  solar  array  and 
battery  sizing. 

The  paper  concludes  by  pointing  the  way 
towards  a  low  cost  R  and  D  demonstrator 
system  allowing  a  practical  investigation 
of  the  key  techniques  and  technolog.es. 

1  Introduction 


together  with  the  detection  of  ground 
moving  targets  has  been  demonstrated  to 
afford  an  extremely  valuable  Military 
capability.  As  a  consequence  there  is 
continued  development  of  these  systems 
together  with  refinements  in  their 
operational  deployment  and  usage. 
However,  a  number  of  restrictions  exist  in 
the  deployment  of  these  systems 
associated  with  their  maximum  operating 
range.  The  maximum  operating  range  is 
governed  by  the  height  at  which  the 
platform  can  fly,  so  for  example  a  radar 
on  an  aircraft  with  a  ceiling  height  of 
30,000  feel  will  onlv  be  able  to  operate 
out  to  about  250  Km  before  grazing 
incidence  is  reached.  This  limitation  can 
be  removed  by  placing  the  sensor  in  a 
space-based  platform.  In  order  to 
maximise  the  military  utility  of  the 
inl'ormation  produced  by  the  instrument 
and  to  allow  recognition  of  targets,  a 
design  goal  of  Im  has  been  assumed  for 
spatial  resolution. 

The  potential  advantages  of  extensive, 
unrestricted  fields  of  view  afforded  by 
space  based  sensors  makes  then  extremely 
attractive  for  wide  area  Military 
surveillance  and  hence  worthy  of  further 
attention,  particularly  with  a  view  to 
replacing  airborne  systems  (although  it 
should  be  recognised  that  there  are  a 
number  of  inherent  technical  difficulties 
in  designing  a  spacebome  system  that  has 
similar  sensor  capabilities). 

Large  areas  of  the  Eanh's  surface  can  be 
observed  on  a  periodic  basis  and  more 
detailed  information  may  be  obtained  by 
dwelling  on  selected  areas.  Radar  also  has 
the  added  advantage  of  all  weather 
day/night  operation.  Recently  imaging 
radars  (SAR)  have  begun  to  demonstrate 
the  capability  achievable  from 
space-based  systems  but  use  relatively 
heavy  platforms  (eg  ERS-1  weighs  1275 
Kg  although  it  contains  4  other  sensors  as 
well  as  the  SAR)  and  hence  require  large 
and  costly  launch  systems  and 
infra-structures.  Further  they  have 
relatively  poor  resolutions  (eg  ERS-1  is 
approximately  30m)  making  them 
unsuitable  for  most  Military  applications 
and  have  no  inherent  capability  for  the 
detection  of  ground  moving  targets. 


As  a  result  of  the  recent  UK  ASTOR 
programme  and  the  deployment  of  US 
systems  such  as  JSTARS  and  ASARS,  the 
ability  to  combine  information  derived 
from  high  resolution  imaging  radars 


It  is,  however,  possible  to  conceive  SAR 
sensors  for  integration  with  various  forms 
of  small  satellite  platform  and  depending 
on  the  type  of  platform  used  to  carry  the 
sensor,  different  options  exist  for  its 


launch.  With  one  option,  the  satellite 
could  be  launched  under  the  control  of  a 
Military  commander  from  a  mobile, 
low-cost  launch  vehicle.  With  another,  the 
satellite  can  be  launched  by  a  major 
launch  vehicle,  for  instance  in  conjunction 
with  the  launch  of  a  major  payload 
making  use  of  residual  mass  capability. 
These  options  potentially  would  allow  the 
sensor  to  perform  both  a  short  term 
tactical  role,  including  the  replacement  of 
damaged  or  destroyed  satellites  in  times 
of  conflict,  and  a  longer  term  strategic 
role  whose  tasks  might  also  include 
training  of  users  of  these  highly  flexible 
systems. 

The  small  size  and  low  mass  of  the 
satellite  and  sensor  systems  considered  in 
this  paper  will  result  in  significant  cost 
savings  making  the  deployment  of 
constellations  of  satellites  very  much 
more  attractive.  This  has  the  further 
advantage  of  reducing  revisit  times  and 
consequently  providing  information  not 
otherwise  available  from  any  other 
source,  and  of  improving  system 
survivability.  In  the  next  section  some  of 
the  options  for  a  sensor  concept  are 
described.  This  is  followed  by  a 
consideration  of  system  aspects  and  cost 
and  schedule  drivers. 

2  Impacts  of  a  Potential  TACSAT  SAR 
Mission  on  Satellite  Design 

2. 1  A  Potential  TACSAT  SAR  Mission 

The  T.ACSAT  mission  is  one  which  is 
associated  with  a  Theatre  conflict  where 
the  Theatre  is  defined  as  being  a  region 
measuring  some  2000km  by  2000km  and 
the  duration  of  the  conflict  is  anticipated 
as  being  relatively  short,  typically  of 
months,  rather  than  weeks  or  years. 
Although  areas  of  political  and  military 
risk  can  lie  at  any  latitude,  the  ending  of 
the  Cold  War  suggests  that  if  there  were 
to  be  such  a  Theatre  conflict,  then  its 
occurrence  in  the  lower  latitude  regions, 
rather  than  the  more  Northerly  latitudes, 
seems  more  likely. 

The  mission  envisaged  for  a  TACSAT 
SAR  is  to  provide  the  Theatre 
Commander  with  a  dedicated  service 
yielding  surveillance  data  only  over  the 
crisis  area.  In  this  paper,  the  dedicated 
nature  of  the  TACSAT  mission  has  been 
taken  to  mean  that  the  Theatre 


Commander  has  total  control  over  the 
satellite  so  that  the  satellite  will  not  be 
made  available  to  provide  surveillance 
over  any  region  other  than  this  Crisis  area. 
Depending  on  the  particular  operational 
philosophy,  satellite  control  might  be 
exercised  either  directly  from  within  the 
Theatre,  or  remotely  using  global  conuol 
systems  but  under  the  primary  control  of 
the  Theatre  Commander. 

Finally,  the  dedicated  nature  of  the 
service  proposed  for  the  TACSAT  SAR 
facilitates  some  interesting  departures 
from  the  system  thinking  associated  with 
global  space  surveillance  concepts:  these 
departures  influence  the  choice  of  orbit, 
the  spacecraft  bus  design,  and  the  basic 
sensor  design. 

2.2  Orbit  Parameters 

The  expectation  of  a  Theatre  location 
away  from  the  Northern  latitudes  invites 
consideration  of  orbits  of  a  smaller 
inclination  than  the  polar  sun- 
synchronous  orbit  which  is  characteristic 
of  civil  remote  sensing  missions.  In 
particular,  if  the  chosen  operating 
philosophy  for  the  TACSAT  SAR  is  one 
of  launch-on-demand  in  time  of  crisis, 
then  the  orbit  inclination  can  be  chosen  to 
maximise  viewing  opportunities  over  the 
crisis  area.  If,  however,  the  philosophy  is 
one  of  in-orbit  storage  then  an  earlier 
decision  must  be  made  about  inclination 
because  of  the  large  fuel  overhead 
involved  in  effecting  changes  in  orbit 
inclination.  However,  even  in  this  latter 
case,  it  may  well  be  appropriate  to  set  the 
inclination  of  the  storage  orbit  so  that 
coverage  is  optimised  for  the  smaller 
latitude  regions.  The  absence  of 
sun-synchronism,  consequent  on  the  small 
orbit  inclination,  will  not  present  a 
particular  problem  to  the  radar  sensor 
which  is  capable  of  operating  as  well  by 
night  as  by  day. 

In  addition,  the  relatively  short  duration 
envisaged  for  a  Theatre  conflict  allows 
serious  consideration  to  be  given  to  orbits 
significantly  lower  than  those  used  for 
long  duration  remote  sensing  missions: 
these  lower  orbits,  perhaps  as  low  as 
250km,  would  be  suited  to  a  philosophy  of 
launch-on-demand.  However,  although 
particularly  low  orbits  are  less  attractive 
for  the  case  of  in-orbit  storage  because  of 
the  short  life  time  which  results  from 


atmospheric  drag,  it  is  possible  to 
conceive  two  distinct  and  attractive 
patterns  of  use  for  a  TACSAT  using  the 
philosophy  of  in-orbit  storage. 

During  the  storage  period,  the  TACSAT 
can  be  used  for  training  purposes  as  well 
as  for  active  surveillance  service  although, 
at  coarser  sensitivity.  In  the  event  of  crisis, 
the  potential  would  exist  to  reduce  the 
orbit  altitude  in  order  to  improve 
sensitivity  over  the  operational  Theatre.  It 
is  important  to  note  however,  that  such  a 
reduction  in  altitude  will  not  bring 
significant  advantages  in  improved  spatial 
resolution,  and  the  coverage  access 
available  to  the  satellite  at  any  one  pass 
over  the  Theatre  will  be  more  limited 
than  that  achievable  from  a  higher  orbit. 

2.3  Duration  of  Service 

The  dedicated  nature  of  the  surveillance 
required  from  the  satellite  means  that  the 
periods  during  which  service  is  required 
are  of  short  duration.  Typically,  a  satellite 
in  the  Low  Earth  Orbit  (LEO)  necessary 
for  SAR  operations  takes  only  5  minutes 
to  traverse  a  Theatre  measuring  2000km 
on  the  side  and  with  only  2  such  passes 
likely  per  day,  payload  power  demands 
can  readily  be  met  from  batteries.  The 
advantage  of  this  to  the  platform  design  is 
that  relatively  small  solar  arrays  can  then 
be  used  to  collect  electrical  power  and 
trickle-charge  the  batteries  during  the 
prolonged  periods  of  payload  inactivity. 

2.4  Sensor  Design  Goals 

The  design  goals  for  the  sensor  concept 
are  shown  in  Table  1.  A  major  difficulty  m 
realising  a  radar  design  of  this 
sophistication  is  the  achievement  of  such 
high  resolutions  and  in  the 
implementation  of  a  phased  array  antenna 
able  to  operate  over  such  wide 
instantaneous  bandwidths. 

Synthetic  Aperture  Radar  (SAR)  is  a 
sideways  looking  coherent  imaging 
technique  capable  of  producing  map-like 
imagery.  SAR  employs  different 
principles  for  achieving  resolution  in  the 
two  dimensions  of  the  imagery. 
Conventional  high  resolution  radar 
techniques  such  as  transmitting  a 
wideband,  long  duration  pulse  and 
correctly  matching  to  it  on  receive  are 
employed  in  the  dimension  perpendicular 


to  the  satellite  track.  Table  2  illustrates 
the  bandwidths  commensurate  with 
resolutions  for  a  variety  of  grazing  angles. 

The  limitations  on  achievable  bandwidth 
are  due  to  the  capabilities  of  waveform 
generators  and  digitisers  and  the 
dispersion  through  the  transmit  and 
receive  chains.  Current  technology 
imposes  a  realistic  limit  of  about  1  GHz. 
Unless  changes  can  be  agreed,  a  further 
limiting  factor  will  be  the  current 
operating  band  allocations  defined  by  the 
World  Advisory  Radio  Council  (WARC) 
which  impose  restrictions  of  300  MHz  at 
X-band  (9.6GHz)  and  600  MELz  at  J-band 
(13.7GHz).  Dispersion  in  the  atmosphere 
and  ionosphere  is  not  thought  to  present  a 
major  problem  and,  if  present,  the  effects 
could  be  removed  using  techniques 
equivalent  to  autofocus.  Overall  it  is  felt 
that  a  resolution  of  Im  at  X  band  is 
feasible  at  a  30“  grazing  angle. 

The  synthetic  aperture  technique  is 
employed  in  the  dimension  parallel  to  the 
satellite  track.  This  involves  the  coherent 
addition  of  many  pulses  to  synthesize  an 
aperture  sufficiently  long  to  provide  the 
desired  resolution  on  the  ground.  This 
synthesis  is  only  possible  if  the  variation  in 
phase  path  from  the  sensor  to  the  target 
and  back  is  known  to  a  fraction  of  the 
radar  wavelength  along  the  synthetic 
aperture.  This  implies  that  very  accurate 
knowledge  of  the  orbital  path  of  the 
satellite  is  required.  However,  for 
resolutions  of  the  order  of  Im  no 
measurement  method  of  the  orbit  gives 
sufficient  accuracy  in  realistic  timescales. 
To  surmount  this  problem  it  is  expected 
that  autofocus  techniques  will  have  to  be 
employed.  TTiese  have  the  added  benefit 
that  they  will  also  automatically  correct 
for  other  effects  which  can  alter  the  phase 
path  length,  such  as  atmospheric, 
ionospheric  and  gravity  pertxirbations. 

3  TACSAT  SAR  Satellite  Concept 

3.1  Launch  Options 

A  wide  range  of  current  and  planned 
vehicles  is  available  to  members  of 
NATO,  optimised  for  the  launch  of 
satellites  with  masses  as  small  as  100kg 
and  ranging  upwards  to  many  toimes. 
Vehicles  such  as  Pegasus  and  Scout  can 
lift  the  lower  end  of  the  TACSAT  mass 
range,  around  250kg,  into  a  500km  orbit. 


However,  there  is  a  significant  gap  in 
mass-optimised  launch  capability  such 
that  the  next  available  vehicles  are  San 
Marco  Scout  and  Taurus  which,  when 
developed,  will  be  optimised  respeaively, 
for  the  launch  of  satellites  of  750  kg  and 
1200kg  into  500km  orbit.  This  gap  in 
capability  of  current  launchers  means 
that,  while  there  is  not  a  technical 
problem  in  launching  into  LEO,  satellites 
whose  mass  lies  at  the  upper  end  of  the 
TACSAT  range,  there  could  be  an 
appreciable  cost  penalty  if  Taurus  were 
used.  Whereas  launches  on  Pegasus  and 
Scout  are  priced  at  $10M  and  $18M 
respectively,  the  cost  of  launching  on 
Taurus  is  predicted  to  be  $30M. 

An  alternative  and  cheaper  approach  to 
the  heavy  TACSAT  launch  issue  is  to 
make  use  of  the  "residual  mass"  capability 
often  associated  with  the  launch  of  major 
satellites  on  large  launch  vehicles. 
Residual  mass  is  the  mass  difference 
between  that  of  major  satellite  and  the 
maximum  launch  mass  capability  of  the 
proposed  launcher.  It  is  anticipated  that 
satelites  wiU  be  launched  in  this  way  for  a 
cost  of  $20k  -  $30k  per  kilogram, 
depending  on  launch  configuration 

It  is  felt  that  availability  and  cost  are  likely 
to  have  a  major  impact  on  the  viability  of 
TACSAT  concepts  so  that  for  the  heavier 
TACSATs,  the  advantage  of  a  residual 
mass  launch  would  be  considerable. 
However,  the  penalty  that  associates  with 
this  launch  philosophy  is  that 
launch-on-demand  is  not  available. 
Therefore  with  this  concept,  the 
possibility  of  designing  for  short  mission 
lifetimes  is  ruled  out  because  the  satellite 
tnust  be  stored  in  space  perhaps  in  a 
higher  long  life  time  orbit  so  that  it  can  be 
brought  down  to  operational  altitude  as 
and  when  an  appropriate  crisis  develops. 

As  a  result  of  this  understanding  of  the 
realities  which  we  perceive  as  constraints 
on  the  mission,  the  SAR  concept 
described  in  :is  paper  is  based  on  use  of 
the  residual  mass  launch  option. 

3.2  Piatform  Options 

The  accommodation  volume  available  for 
a  residual  mass  launch  is  basically  toroidal 
and  therefore  the  bus  strucmre  proposed 
as  a  platform  for  the  SAR  is  ot  toroidal 
form.  An  additional  benefit  which 


accrues  from  this  bus  structure  is  the 
potential  for  launching  several  satellites 
simultaneously  from  the  same  launch 
vehicle. 

The  toroidal  structure  is  therefore 
capable  of  providing  both  an  economical 
demonstration  of  the  technology  through 
a  residual-mass  launch  opponuniry,  and 
the  potential  for  launch  of  a  full 
constellation  via  a  dedicated  launch  - 
without  the  need  for  any  satellite  redesign 
between  demonstrator  flight  and  full 
constellation. 

The  outline  concept  of  a  SAR  mounted 
on  such  a  toroidal  platform  is  presented  in 
Figure  1.  Budgets  showing  the  mass  and 
power  demands  likely  to  be  associated 
with  such  a  satellite  are  presented  in 
Table  3. 

3.3  SAR  Options 

Three  distinct  options  of  SAR  design  can 
be  envisaged  to  provide  a  tactical 
capability.  In  order  of  rising  complexity, 
these  options  include,  mechanically 
steered  systems  using  a  single  central  high 
power  amplifier  (HPA),  electronically 
steered  systems  like  RADARSAT  which 
use  a  single  central  HPA  and  ferrite  phase 
shifters  for  beam  deflection,  and 
electronically  steered  systems  like  the 
European  ASAR  which  use  fully  active 
phased  array  technology  to  provide 
Scansar  and  Spotlight  operating  modes. 

Of  these  fundamental  design  options,  two 
were  considered  as  candidates  for 
discussion  in  this  paper,  a  partial  phased 
array  providing  electronic  steering  only  in 
the  azimuth  direction  and  a  fully  active 
phased  array  providing  both  azimuth  and 
elevation  steering. 

The  case  of  the  potentially  simpler,  partial 
phased  array  where  the  elevation  steering 
is  provided  only  by  mechanical  pointing 
was  considered,  but  it  was  concluded  that 
because  the  time  taken  to  mechanically 
repoint  the  system  would  be  on  the  order 
of  minutes,  the  number  of  useful  Spotlight 
imaging  opportunities  available  to  the 
Theatre  Commander  would  be  limited  to 
a  rather  small  number.  When  this  number 
is  compared  with  the  much  larger  number 
of  such  opportunities  potentially  made 
available  from  a  fully  active  phased  array, 
there  appeared  to  be  a  strong  case  in 


favour  of  the  fully  active  system. 

Thus,  although  neither  of  these  cases  has 
been  analysed  quantitatively,  it  is  felt  that 
the  flexibihty  of  coverage  and  operating 
modes  which  can  be  derived  from  active 
phased  array  technology  is  of  such  benefit 
that  its  use,  even  in  a  small  tactical 
satellite,  verges  on  the  mandatory. 
Therefore,  the  bulk  of  this  paper 
concentrates  upon  this  type  of  sensor  but 
acknowledges  that  designs  based  on 
passive  antenna  technology  of  the  ERS-1 
type  may  be  able  to  provide  a  more 
lunited  capability  but  at  a  smaller  mass. 

3.4  Piatform  Orientation 

It  is  envisaged  that  during  the  long 
periods  of  inactivity  between  surveillance 
tasks,  the  platform  orientation  will  be 
controlled  m  order  to  provide  a  benign 
thermal  environment,  and  that  the  whole 
platform  will  be  rotated  when  necessary  in 
order  to  provide  the  appropriate  viewing 
angle,  and  then  returned  to  the  benign 
orientation  after  the  short  period  of  active 
service. 

The  technique  envisaged  to  effect  the 
necessary  rotation  manoeuvres  from 
benign  to  service  positions  is  one  of  use  of 
the  large  torques  which  can  be  produced 
from  control  moment  gyros.  In  this 
technique,  a  caged  system  of  at  least  three 
gyros  is  set  up  and  the  angular  momenta 
of  each  is  established  so  that  the  net 
angular  momentum  seen  outside  the  cage 
is  zero.  However,  if  a  torque  imposed 
from  outside  the  ^o  cage  tnes  to  repoint 
the  direction  of  any  of  the  component 
angular  momenta  (the  direction  or  a  gyro 
rotation  axis),  then  that  torque  has  to  be 
considerable  and  can  be  used  to  produce  a 
strong  turning  moment  on  the  spacecraft. 

A  difficulty  with  this  philosophy  is  that  the 
vehicle  is  exposed  to  a  significant  thermal 
disturbance  during  the  manoeuvre  as  a 
result  of  solar  illumination.  However,  the 
manoeuvre  can  be  designed  to  be  of  a 
sufficiently  short  duration  that  the  total 
temperature  excursion  may  be  limited  to 
acceptable  bounds. 

The  advantage  of  this  approach  to 
satellite  rotation  movements  is  that 
although  it  calls  for  electrical  energy  is 
required,  such  energy  can  be  supplied 
indefinitely  (via  the  on-board  batteries) 


from  the  solar  array.  For  this  mission, 
where  many  roll  manoeuvres  are 
envisaged  and  speed  is  likely  to  be 
important,  the  approach  compares 
favourably  with  the  use  of  cold  gas 
thrusters  which  provide  a  finite  life  to  the 
total  mission. 

The  advantage  of  this  operational 
philosophy  is  that  the  manoeuvre  enables 
the  SAR  to  view  regions  on  either  side  of 
the  nadir  track.  Such  an  operational 
philosophy  requires  that  the  whole 
satellite  including  platform,  solar  arrays, 
and  SAR  antenna,  be  designed  to  form  a 
robust  structure  with  no  flimsy 
protrusions. 

4  TACSAT  SAR  Sensor  Concept  and 
Performance 

The  paper  has  investigated  the  impact  of 
different  operating  modes  and  the 
fundamental  SAR  parameters  on  the 
performance  achievable  for  a  TACSAT 
SAR  mission.  These  parameters  include, 
operating  altitude,  RF  carrier  frequency, 
spatial  resolution,  and  possible  antenna 
strucmres.  However,  in  order  to  limit  the 
scope  of  the  paper,  all  options  have  been 
based  on  an  assumed  antenna  area  of 
6m^.  This  area  is  derived  from 
considerations  of  viable  payloads  for 
implementation  onto  a  toroidal  platform 
within  the  TACSAT  mass  goal  of  < 
700kg. 

The  detailed  performance  of  a  SAR  is 
described  in  tWs  section,  specifically  for 
the  single-look  capabilities  which  will 
characterise  its  performance  in  Spotlight 
mode,  by  parameters  which  include; 

*  sensitivity  expressed  in  terms  of  noise 
equivalent  oq  (NEoq)  and  presented 
for  the  worst  cases  situation  which  is 
associated  with  the  furthest  edge  of  the 
available  crverage  width 

*  access  coverage  width  as  that  distance 
from  nadir  beyond  which  ambiguities 
rise  to  an  unacceptable  level 

•  available  swath  width  for  various 
operating  modes 

•  spatial  resolution  in  azimuth  and 
elevation  for  various  operating  modes 
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The  operating  geometry  for  a  TAGS  AT 
SAR  IS  shown  in  Figure  2  in  order  to 
identify  the  principal  parameters. 

4.1  Operating  Modes 

Spotlight 

In  order  to  perform  a  useful 
reconnaissance  role,  the  SAR  must  be 
capable  of  providing  images  of  specific 
target  zones  such  as  airfields,  harbours, 
choke  points  and  railway  installations  at 
the  finest  possible  resolution.  This  task 
calls  for  Spotlight  operation  in  order  to 
provide  adequate  resolution  in  the 
along-track  (azimuth)  direction  and  the 
provision  of  this  capability  is  a  major 
driver  in  the  design  of  the  antenna. 

In  principle,  the  azimuth  scanning 
associated  with  Spotlight  operation  can  be 
provided  by  mechanical  steering  of  the 
antenna.  However  the  difficulties 
associated  with  repeating  such  mechanical 
steering  several  times  during  a  single  pass 
over  the  theatre  are  believed  to  be  so 
great  that  electronic  steering  in  the 
azimuth  direction  is  considered  to  be 
essential. 

Steered  SAR 

In  addition,  it  is  envisaged  that  a 
TACSAT  SAR  may  also  be  required  to 
provide  surveillance  over  a  larger  region. 
Such  cover  can  readily  be  provided  in  the 
form  of  a  continuous  strip-map  using  the 
conventional  Steered  SAR  mode  which 
has  been  characterised  by  SEASAT, 
ERS-1  and  the  SIR  missions. 

If  even  wider  area  coverage  is  desired, 
then  the  possibility  exists  of  using  the 
Scansar  mode  which  will  be  demonstrated 
on  the  RADASAT  and  ASAR  missions. 
However,  provision  of  a  Scansar 
capability  relies  on  the  ability  to  rapidly 
redirect  the  antenna  beam  in  the  elevation 
direction:  such  a  capability  requires  the 
provision  of  electronic  steering  in  the 
elevation  direction. 

Ground  Moving  Target  Indication 
(GMTH 

In  this  mode,  which  may  be  combined 
with  Scansar,  interferometric  techniques 


are  envisaged  as  providing  detection  of 
surface  targets  in  motion.  The  data  will  be 
processed  on  board  so  that  only  the 
detections  need  be  down  linked  back  to 
the  ground  data  receiving  station. 
However,  it  is  anticipated  that  problems 
with  revisiting  may  lead  to  difficulties  in 
interpretation  and  thus  requires  further 
research. 


4.2  Operating  Altitude  and  RF  carrier 
Frequency 

Access  coverage  width  is  fundamentally 
limited  by  system  parameters  which 
include;  antenna  area,  slant  range  to 
ground,  RF  carrier  frequency,  and 
satellite  velocity  -  although  there  is  no 
significant  impact  from  satellite  velocity 
which  changes  but  little  with  altitude.  For 
this  case  in  which  antenna  area  has  been 
constrained  to  6m*,  the  dominant 
parameters  are  slant  range  and  RF  carrier 
frequency. 

The  effect  of  changes  in  altitude  on  access 
and  sensitivity  is  shown  in  Figures  3  and  4. 
The  data  are  presented  for  the  case  of 
operation  in  Spotlight  mode  with  an 
assumed  bandwidth  of  300MHz.  Although 
this  bandwidth  is  characteristic  of  the 
WARC  limit  at  X-band  and  is  in  excess  of 
the  allocations  at  S  and  C,  it  is  nontheless 
interesting  to  use  a  single  bandwidth  in 
order  to  see  the  fundamental  parametric 
trends.  It  is  also  important  to  note  that 
although  a  mean  RF  power  of  750W  is 
needed  to  ensure  adequate  sensitivity 
throughout  most  of  the  viewing  range, 
such  high  mean  powers  can  be  provided 
during  Spotlight  operations  by  increasing 
the  duty  cycle  well  beyond  the  few  percent 
normally  used  for  wider  swath 
observations.  In  this  way,  peak  powers  in 
the  T/R  modules  can  be  limited  to  less 
than  4W. 

It  can  be  seen  that  at  the  lower 
frequencies,  increasing  altitude  provides 
relatively  small  improvements  in  access 
capability  while  at  the  higher  frequencies, 
substantial  improvements  can  be  realised. 
However,  in  both  cases,  increasing 
altitude  significantly  degrades  sensitivity. 
The  sensitivity  data  presented  in  Figure  4 
show  the  worst  case  sensitivity;  i.e.  at  the 
furthest  distance  from  nadir  for  which 
acceptable  ambiguity  performance  can  be 
achieved.  Data  showing  the  variation  of 


sensitivity  achieved  from  an  altitude  of 
500km  for  both  C  and  X  band  is  presented 
in  Figure  5. 

A  further  impact  of  increasing  altitude 
can  be  seen  in  Figure  6  where  the  impact 
on  the  across  track  component  of  spatial 
resolution,  range  resolution,  has  been 
presented  as  a  uinction  of  distance  from 
nadir  and  operating  altitude  for  a  single 
RF  chirp  bandwidth  -  300MHz. 

Selection  of  Operating  Frequency 

In  selerting  an  RF  carrier  frequency  for  a 
space-borne  high  resolution  nulitary  SAR, 
several  factors  must  be  taken  into 
account.  First,  it  must  be  noted  that,  in 
principle,  any  ground  range  resolution  can 
be  achieved  by  provision  of  a  radar 
emission  pulse  of  adequate  bandwidth  - 
typical  examples  are  shown  in  Figure  6  for 
the  case  of  300MHz  bandwidth  allocation, 
but  international  agreements  constrain 
the  bandwidth  allocated  to  space  radars  as 
indicated  in  Table  2b.  However,  although 
such  agreements  might  be  breached  in 
times  of  crisis,  the  TACSAT  mission 
concept  also  includes  peacetime  use  and 
for  this,  adherence  to  bandwidth 
allocations  is  essential. 

The  figures  presented  in  Tables  2a  and  2b 
indicate  that  only  an  X  or  J  band  system 
would  be  capable  of  providing  a  ground 
resolution  close  to  Im,  whilst  the  use  of  L, 
C  or  Ka  band  would  fail  to  provide  a 
ground  resolution  better  than  3m  over 
most  of  the  grazing  angles  of  interest. 

In  addition  to  the  international 
regulations,  other  factors  affecting  the 
choice  of  RF  carrier  frequency  are  as 
follows; 

-  the  need  for  the  SAR  wavelength  to  be 
significantly  less  than  the  image 
resolution.  This  is  likely  to  exclude  the 
use  of  L-band  (0.23m  wavelength)  for  a 
system  aiming  to  achieve  around  Im 
resolution. 

-  ionospheric  dispersio' .  This  is  a 
frequency  dependent  phenomenon 
which  can  cause  a  significant 
degradation  in  image  quality  for 
frequencies  around  or  below  L-band. 


-  atmospheric  dispersion.  This  is 
generally,  not  a  problem  for 
frequencies  below  X-band,  but  may 
degrade  image  quality  at  higher 
frequencies,  e.g.  around  the  water 
vapour  resonance  frequency  of  22GHz. 

-  atmospheric  attenuation.  This  varies 
with  frequency,  becoming  more  acute 
for  frequencies  above  X-band,  possibly 
ruling  out  J-band  and  probably  ruling 
out  ^-band.  However,  the  attraction 
of  the  very  wide  bandwidth  allocation 
at  J-band  and  the  associated  potential 
for  very  fine  spatial  resolution  may 
mitigate  in  its  favour. 

-  poorer  efficiency  of  solid  state  power 
amplifiers  at  higher  operating 
frequencies  These  factors  indicate  that 
X-band  is  likely  to  be  an  optimum 
frequency  for  very  high  resolution 
(around  lm)military  surveillance  SAR. 
with  C  or  possibly  S  band  representing 
a  viable  alternative  providing 
somewhat  poorer  resolution. 


4.3  Imaging  Capabilities 

For  the  TACSAT  SAR  mission 
considered  in  this  paper,  target  imaging 
requirements  may  be  considered  to  fall 
into  the  following  two  main  categories; 

(i)  detection  and  classification  of  hard 
targets,  e.g.  military  vehicles,  tanks, 
grounded  aircraft,  ships,  etc, 

(ii)  monitoring  and  change  detection  for 
distributed  targets,  e.g.  airfields, 
military  camps  and  installations, 
harbours,  railway  yards,  choke 
points,  etc. 

In  the  former  cases,  the  targets  of  interest 
generally  have  large  radar  cross  sections 
relative  to  the  background  scene.  As  a 
result,  the  ability  to  detect  and 
subsequently  classify  such  targets  depends 
primarily  on  the  spatial  resolution  of  the 
imagery,  the  system  radiometric 
performance  being  relatively 
unimportant.  A  spatial  resolution  of  at 
least  3m,  and  ideally  less  than  Im,  is 
considered  necessary. 

In  the  latter  case,  however,  the  features  of 
interest  are  generally  no  brighter  than 
other  features  in  the  scene;  the  key 
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requirement  for  discrimination  and 
recognition  of  such  targets  is  then,  good 
radiometric  resoiution(best  SAR  speckle 
reduction).  This  may  be  achieved  by 
multi-looking.  The  spatial  resolution 
requirement  for  these  types  of  target  is 
considered  less  exacting  than  for  "hard" 
targets  at  around  5-6m.  However,  the  fact 
that  multi-looking  is  required  implies  that 
the  inherent  single-look  capability  be 
similar  to  that  for  hard  target  detection 
(i.e.  around  l-3m). 

The  SAR  must  possess  a  radiometric 
resolution  adequate  to  allow 
discrimination  between  adjacent 
distributed  features.  A  sensitivity 
characterised  by  a  noise  equivalent  sigma 
zero  (NEoq)  of  -23dB  is  considered 
necessary. 

4.4  Antenna  Structures 

It  can  be  seen  from  the  preceding 
discussion,  that  the  TACSAT  antenna 
requires  an  electronic  steering  in  azimuth 
in  order  to  provide  the  Spotlight  mode 
and  that  a  similar  capability  in  the 
elevation  direction  is  highly  desirable  in 
order  to  facilitate  the  imaging  during  a 
single  pass,  of  different  zones  located  at 
different  elevation  bearings  relative  to  the 
satellite. 

Thus,  the  case  for  electronic  steering  in 
both  azimuth  and  elevation  directions 
appears  to  be  strong  and  has  led  this 
paper  to  propose  a  fully  active  phased 
array  solution  for  the  envisaged  TACSAT 
mission. 

The  particular  aspect  ratio  assumed  for 
the  antenna  is  based  on  the  need  to 
accommodate  around  the  toroidal  bus,  the 
6m  ^  overall  area  required  to  provide  the 
unambiguous  access  demonstrated  in  the 
earlier  discussion.  Two  distinct  cases  have 
been  examined  one  at  C-band,  the  other 
at  X-band.  In  both  cases,  the  antenna  is 
built  from  11  panels  which  are  assembled 
onto  the  bus  as  indicated  in  Figure  I.  In 
the  C-band  case,  each  panel  is  populated 
with  32  T/R  modules  and  measures  some 
1300x4 18mm^  whereas  in  the  X-band 
case,  each  panel  is  populated  with  64  T/R 
modules  and  measures  some 
1400x388mm  Thus,  the  aspect  ratio  of 
the  antenna  is  similar  in  both  cases  being 
4.6m(az)  by  1.3m(el)  in  the  C-band  case, 
and  4.27m(az)  by  1.4m(el)  in  the  X-band 


case.  It  is  important  to  note  that  despite 
their  intended  major  role  as  Spotlight 
imaging  sensors.  Both  of  these  SARs 
would  be  capable  of  providing  better  than 
3m  resolution  in  conventional  Steered 
SAR  mode. 

A  feamre  of  the  active  antenna  approach 
which  can  be  eiroloited  in  this  design  is  the 
impact  on  T/R  module  design  which 
results  from  the  adoption  of  Spotlight  as 
the  principal  operating  mode. 

When  operating  in  this  mode  there  is  a 
need  for  the  emission  of  a  particularly 
high  level  of  mean  RF  power  in  order  to 
restore  the  link  budget  which  is  adversely 
affected  by  the  increased  noise  level 
which  results  from  the  wide  bandwidth 
needed  to  achieve  fine  range  resolution. 

Because  the  region  being  imaged  is  only  a 
small  proportion  of  the  maximum,  range- 
unambiguous  swath,  it  is  possible  to 
increase  the  transmitter  duty  cycle  and 
provide  a  several-fold  increase  in  mean 
RF  power  output  during  Spotlight 
observations.  Typically,  increases  or  a 
factor  of  5  can  be  achieved  over  that 
normally  associated  with  civil  remote 
sensing  missions  where  the  duty  cycle  is 
limited  to  around  5%.  The  advantage  of 
this  approach  is  that  these  increases  can 
be  achieved  without  resorting  to  an 
increase  of  the  peak  RF  power  handling 
capability  of  the  T/R  module  output 
stages. 

It  is  interesting  to  compare  this  TACSAT 
mission  with  a  civil  remote  sensing 
mission.  In  a  typical  C-band  civil  mission, 
320  T/R  modules  operate  at  up  to  8  W 
peak  RF  power  in  order  to  provide  <  150 
W  mean  RF  power,  whereas  in  the 
Spotlight  TACSAT  mission  considered 
here,  352  T/R  modules  operating  at  6  W 
peak  power  can  are  operated  to  provide 
up  to  750  W  mean  RF  power.  In  the 
X-band  case  considered  in  this  paper,  704 
T/R  modules  are  operated  at  less  than  3 
W  peak  power  in  order  to  provide  the 
same  mean  RF  power  (750  W). 

However,  the  technique  is  only  applicable 
to  achieving  short  term  gains  because  the 
increased  transmitter  power  requires  that 
the  system  be  capable  of  handling  the 
associated  increase  in  waste  power.  In  this 
concept  the  thermal  problem  is  regarded 
as  a  thermal  impulse  and  handled  by 


providing  a  sufficiently  long  gap  between 
observations  that  the  long  term  mean 
power  handling  capacity  is  not  exceeded. 

4.5  DC  Power  Services 

It  is  envisaged  that  the  TACSAT  SAR 
will  operate  from  batteries  during  periods 
of  service  and  that  during  sunlight 
spacecraft  operation,  the  batteries  will  bt 
charged  from  the  solar  arrays  at  a  rate 
sufficient  to  maintain  them  charged,  ready 
for  the  next  service  period.  Although  the 
power  demand  during  periods  of  service  is 
very  large,  the  totd  energy  demand  is 
modest  and  can  potentially  be  satisfied 
from  a  low  capacity  battery,  charged  from 
the  relatively  small  solar  array. 

It  is  estimated  that  the  surveillance  task 
will  place  a  daily  energy  demand  from  the 
batteries  amounting  to  only  about 
500watt-hrs.  However,  the  battery  must  be 
sized  not  so  much  to  provide  the  total 
energy  load  but  rather,  to  satisfy  the  6kW 
peak  power/current  demand  which  is 
needed  to  energise  the  SAR  and  the  data 
down-link  during  the  5  second  periods 
associated  with  each  Spotlight 
observation.  The  demand  for  low  internal 
resistance  which  results  from  the  large 
peak  power  demand,  favours  the  use  of 
NiCd  batteries  rather  than  NiH2.  The 
mass  associated  with  these  NiCd  batteries 
will  be  on  the  order  of  40kg  and  this 
figure  has  been  included  in  the  mass 
budget  shown  in  Table  3. 

The  total  energy  demand  can  be  satisfied 
from  a  relatively  small  solar  array  whose 
area  is  not  influenced  by  the  large  peak 
power  demand.  It  is  envisaged  that  this 
energy  will  be  collected  during  the  period 
of  around  22  hours  when  the  SAR  is  not 
in  a  position  to  observe  the  Theatre  and 
that  during  this  time  a  mean  power 
collection  rate  of  only  25  watts  averaged 
over  each  orbit,  will  be  sufficient  to 
rovide  the  SAR/down-link  energy 
udget. 

However,  in  order  to  provide  power  for 
the  SAR  and  the  additional  200W  power 
estimated  as  being  necessaiy  for  the 
satellite  bus  house  keeping  activities,  and 
to  account  for  eclipse  periods  in  the 
charging  cycle,  it  is  estimated  that  a  peak 
collecting  capability  of  some  300  watts 
should  be  allowed  at  this  stage  in  concept 
development.  Such  a  power  collection 


capability  can  be  provided  at  end  of  life 
(notionally,  5  years)  by  2m^  of  solar 
array,  assuming  the  use  of  GaAs  solar 
cells,  .vioreover,  since  the  operational 
concept  assumes  that  during  this  period, 
the  whole  spacecraft  is  placed  in  a 
thermally  benign  orientation,  this 
orientation  can  be  chosen  so  that  the  solar 
array  area  can  be  optimised  for  smallest 
mass  by  arranging  for  it  to  point 
continuously  at  the  sun. 

4.6  Data  Down  Link 


Different  data  rates  can  be  associated 
with  the  SAR  depending  on  whether 
range  compression  is  conducted  on-board 
or  on  the  ground.  With  the  long  duty 
cycles  envisaged  for  use  in  Spotlight 
mode,  there  is  a  need  to  receive  radar 
returns,  not  only  for  the  duration  of  the 
time  delay  from  near  to  far  sides  of  the 
image  region,  but  also  for  the  duration  of 
the  transmit  pulse. 

The  classical  technique  for  reducing  SAR 
down  link  rates  is  to  accept  all  the  returns 
from  a  given  single  pulse  emission  into  a 
register  (during  a  receive  window  period 
which  is  much  longer  than  the  transmit 
pulse  period),  and  then  to  transmit  the 
data  accumulated  in  that  register  during 
the  longer  period  associated  with  one 
pulse  repetition  interval.  However,  when 
the  receive  window  is  shorter  than  the 
transmit  pulse,  there  is  less  oppormnity 
for  data  rate  compression.  If,  on  the  other 
hand,  pulse  compression  is  conducted 
on-board,  then  the  duration  of  the  receive 
window  -  post  range  compression  -  is 
identical  with  the  time  delay  between  near 
and  far  sides  of  the  image  region.  This 
time  difference  can  be  significantly 
smaller  than  the  interpulse  period  and 
appreciable  reductions  made  to  the  data 
rate. 

Using  such  techniques,  it  is  possible  to 
limit  the  data  rate  to  values  as  small  as 
130  Mbit/s  for  operations  at  C-band 
where  the  SAR  chirp  bandwidth  is  limited 
to  lOOMHz,  and  to  400Mbit/s  for 
operations  at  X-band  where  the  chirp 
bandwidth  is  limited  to  300MHz.  Data 
links  with  these  bandwidths  exist  but  the 
problems  of  handling  these  quantities  and 
rates  of  data  will  require  further 
examination. 
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Ground  Segment 

The  operational  concept  for  the 
TACSAT  SAR  is  that  it  should  make  its 
observations  and  almost  simultaneously 
transmit  the  SAR  data  to  ground  for 
reception  within  the  Theatre  command 
centre  where  the  data  will  be  processed 
into  an  intelligible  image. 

It  is  envisaged  that  the  ground  data 
reception  station  will  operate  at  elevation 
angles  greater  than  5*  using  a  5ni 
diameter,  steered  dish,  will  operate  at 
Ku-band  with  a  G/T  ratio  of  29dB/K. 
Indeed,  the  data  could  even  be  routed  into 
existing  ground  exploitation  stations 
developed  for  airborne  reconnaissance 
systems  thereby  effecting  a  significant  cost 
saving. 


Ground  Processing 

Currently  available  ground  processing 
algorithms  will  process  TACSAT  data  in 
its  Steered  Beam  and  Scansar  modes. 
Further  development  could  be  required 
for  the  high  resolution  Spotlight  mode  to 
cope  with  the  rapidly  varying  Doppler 
aliasing  at  Im  resolution,' especially  at 
X-band,  and  autofocussing  will  be 
required  to  maintain  focus  over  varying 
terrain  height.  Existing  airborne 
techniques  are  not  applicable. 

Data  is  recei  ed  at  10^  samples  per 
second:  Spotlight  processing  with 
autofocus  will  require  some  10^  FLOP 
per  resolution  cell,  and  therefore,  real 
time  processing  could  require  a  computer 
power  of  over  lOOGFLOPS,  Currently, 
this  would  require  an  array  of  some  50(X) 
vector  processors  and  could  be  a  state  of 
the  art  machine,  posing  major  data 
handling  problems.  However,  assuming  a 
deployment  date  at  least  5  years  in  the 
future,  improvements  in  processor  speed 
of  at  least  4  times  can  be  anticipated. 

If  40  minutes,  rather  than  real  time,  is 
allowed  to  process  the  maximum  data 
anticipated  from  a  single  pass,  then  the 
number  of  vector  processoring  nodes 
required  can  be  reduced  to  125.  Such  a 
processor  could  be  housed  in  a  single 
19inch  equipment  rack  and  would  be 
equivalent  to  top-of-the-range 
commercial  equipment. 


Space  Segment 

The  impact  of  this  type  of  ground  network 
on  the  space  segment  is  that  the  down-link 
transmitter  must  be  capable  of  providing 
an  EIRP  of  16dBVV  from  a  small 
unsteered  antenna.  Such  an  EIRP  can  be 
provided  from  a  120W  TWTA  assembly 
whose  total  DC  power  demand  is  likely  to 
be  around  300W  including  power  to  the 
TWT  power  conditioning  electronics  and 
the  RF  signal  drive  electronics.  .Mass  of 
the  downlink  equipment  when  supplied  in 
dual  redundancy  is  estimated  to  be  around 
17kg  including  the  shaped  beam  antenna. 


5  Programme  Cost/Schedule  Drivers 

5. 1  Launch  Costs  /  Constellation  Size 

There  is  much  discussion  about  the 
possible  lifetime  of  a  TACSAT  mission. 
Depending  on  the  mission  concept,  the 
intended  lifetimes  can  vdry  from  several 
weeks  -  associated  with  launch  on 
demand,  through  months  -  associated  with 
launch  in  anticipation  of  a  crisis,  to  years 
-  associated  with  pre-deployment  of  the 
satellite (s)  and  storage  in  space. 

The  case  in  favour  of  launches  using  the 
residual  mass  capability  often  associated 
with  large  launch  vehicles  has  been  made 
in  section  3  of  this  paper.  Here,  we  discuss 
the  possible  impact  of  that  launch 
philosophy  on  reliabilitv  required  of  a 
TACSAT  SAR. 

The  particular  needs  which  might  be 
envisaged  for  a  T.\CSAT  SAR  are  that  it 
be  capable  of  viewing  the  designated 
Theatre  at  very  regular  intervals.  For 
instance,  a  full  system  may  be  required  to 
provide  viewing  opportunities  at  8-hourly 
intervals:  such  a  revisit  rate  wou’d  call  for 
the  service  of  a  constellation  of  3 
satellites. 

The  toroidal  bus  design  discussed  earlier 
facilitates  the  launch  of  a 
mini-constellation  of  4  or  5  satellites  from 
a  single,  dedicated  launch  using  Ariane-4 
or  Titan.  System  reliat'ility  can  in  this 
case,  be  improved  by  the  3  from  4  (or  5) 
redundancy  which  results  from  using  the 
multiple  launch. 
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5.2  Mission  Duration  and  Component 
Reliability 

The  use  of  Flight  qualified  components 
coupled  with  e^austive  ground  testing  at 
every  stage  of  the  satellite  development 
pro^amme  brings  benefits  in  the  form  of 
minimised  risk  of  mission  failure,  and 
enhanced  reliability  throughout  the 
mission.  However,  such  build  procedures 
place  a  considerable  premium  on 
progranune  cost. 

In  recent  years,  industry  has  made 
progress  in  the  streamlining  of  on-ground 
testing  in  order  to  optimise  mission 
reliability  versus  programme  cost  and 
schedule.  However,  industry  rigorously 
retains  the  service  of  flight  qualified 
components  for  all  programmes. 

It  is  interesting  to  recall  that  flight 
components  are  in  general  drawn  from 
the  same  production  lines  which  deliver 
Mil  Std  components.  The  premium  charge 
made  for  flight  components  results  from 
the  additional  tests  »nd  rigorous 
traceabiUty  which  is  imposed  on  the  basic 
Mil  Std  components  to  provide  the 
greater  level  ot  confidence  demanded  for 
their  use  in  space. 

Two  particular  features  of  ^ical  space 
programmes  favour  the  high  level  of 
caution  implicit  in  the  dedicated  use  of 
fully  qualified  components.  One  is  the 
long  life  usually  demanded  of  the  system; 
the  otner  is  the  one-off  nature  of  most 
(large)  satellite  systems.  The  first  of  these 
features  demands  the  greater  level  of 
confidence  associated  widi  flight  qualified 
components  in  order  to  guarantee 
reliability  over  the  (long)  life  time;  the 
other  demands  high  intrinsic  reliability 
because  with  a  one-off  system,  there  can 
be  no  resort  to  the  N  from  M  option  for 
reducing  the  overall  risk  of  failure. 

Notwithstanding  these  cautions,  in  the 
case  of  launch  on  demand,  the  life  time 
expected  of  the  satellite  can  be  quite  shon 
-  typically  around  6  months  -  and  the 
potential  advantages  of  using  less  highly 
qualified  components  is  worth 
consideration. 

However,  when  the  proposed  launch 
philosophy  calls  for  the  use  of  large 
launch  vehicles,  the  long  lead  times 
usually  associated  with  launches  on  large 


vehicles  means  that  possibility  of  a  rapid 
turn  round  from  launch  request  to  launch 
event  is  small.  Therefore,  the  satellite 
must  be  designed  on  the  expectation  of  a 
relatively  long  life  and  in  this  case  the  use 
of  less  tughiy  qualified  components  is  less 
desirable. 


6  Conclusions 

The  capabilities  of  a  TACSAT  SAR  have 
been  reviewed  in  the  context  of  notional 
Theatre  surveillance  mission.  Of  various 
options,  it  has  been  argued  that  only  a 
SAR  based  on  active  phased  array 
technology  will  provide  the  flexibility  of 
performance  needed  to  satisfy  the 
notional  mission. 

It  has  been  shown  that  a  SAR  operating  at 
X-band  would  be  capable  of  providing 
single-look  imagery  at  Im  spatial 
resolution  and  a  noise  floor  of  better  than 
-20dB  when  flown  in  a  circular  orbit  at 
500km  altitude.  The  total  mass  of  a 
satellite  carrying  this  SAR  has  been 
estimated  at  around  600  to  700kg. 

While  it  is  quite  within  the  bounds  of 
technology  to  conceive  integration  of 
either  of  the  SARs  discussed  in  the  paper 
on  a  platform  suited  to  individual  launch, 
it  is  specifically  the  absence  of  dedicated 
launch  vehicles  optimised  for  single 
launch  of  such  a  satellite  mass  which  has 
been  taken  as  a  driver  towards  a  toroidal 
bus  structure  suited  to  a  multiple  launch 
making  use  of  the  residual  mass  often 
associated  with  launches  on  larger 
vehicles. 

The  adoption  of  such  a  philosophy  has 
been  shown  to  provide  the  opportunity  of 
getting  single  satellites  into  orbit 
economically  but  not  with  a  rapid 
turn  round.  In  addition,  the  toroidal  bus 
structure  provides  the  possibility  of 
deployment  of  a  complete  constellation, 
using  a  single  launch  from  a  large  vehicle. 
In  this  way  it  is  possible  to  amonise  the 
cost  of  the  larger  launch  against  the 
corresponding  cost  of  several  individual 
launches  using  smaller  vehicles. 

In  order  to  fully  understand  the  operation 
of,  and  interplay  between,  the  various 
components  which  comprise  a  TACSAT 
system  and  to  optimise  the  design  of  a 
military  constellation,  a  demonstrator 
system  is  clearly  required.  In  particular. 


the  use  of  active  phased  arrays  in  space 
could  be  demonstraied  and  overall  system 
performance  evaluated.  This  paper  has 
shown  that  such  a  demonstrator  is 
perfectly  feasible  using  today’s 
technolo^. 
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SUMMARY 

C'osi  and  pcrlormancc  teehnologv  breakthroughs  in  recem 
years  have  made  possible  the  near  term  development  and 
deployment  ol  a  low  eosi  TACSAT  survetllanee  sysiem.  fhe 
potential  tor  both  the  spacceratt  and  sensor  to  be  launched  on 
lower  cost  launch  systems  is  the  lundamental  basis  lor  reduced 
sysiem  cost.  Additionally,  the  spacecralt  and  sensor  must  bo 
amenable  to  low  cost  mass  production,  l-or  all  weather, 
day/nighi  surveillance,  an  active  synthetic  aperture  r.tdai 
(S.\R|  is  the  ideal  instrument,  and  the  ability  to  mass 
iiianulacturc  thousands  of  very  low  cost  tr.  'tsinii/receivc  <  l/Ri 
modules  has  been  deseloped  al  Hughes.  Since  the  si/e  ol  .1 
S.AR  increases  as  the  ortsital  altitude  is  increased,  a  tinal 
element  of  the  economical  basts  for  a  low  cost  I  .ACS.AT  i'  the 
definition  ol  low  earth  orbit  (LLOl  space  constellations  with 
high  mission  utility.  Tradeoffs  are  ,.lso  provided  to  compare 
sparse  or  /.era  based  peacetime  constellations  wnh  surge 
launch  capabilities  to  small  peacetime  early  warning  sp,ice 
constellations  that  can  also  instantly  provide  regional  combat 
support  on  demand. 

1.  INTRODUCTION 

With  the  decrease  m  the  long  range  ICBM  strategic  threat  and 
the  increasing  likelihood  that  theater  or  regional  engagements 
are  the  more  probable  form  of  conllict,  local  .irul  battle  area 
surveillance  ascends  to  paramount  importance. 

Such  missions  as  regional  treaty  monitoring  and  verification, 
area  observation  to  detect  military  buildup  and  movement, 
assessment  of  force  strength,  characterisation  of  deployment 
elements,  and  battle  damage  assessment  must  be  addressed.  A 
major  added  operational  requirement  to  accomplish  these 
missions  is  that  they  he  performed  under  all  weather 
conditions  and  during  the  day  and  night.  Numerous  tiades 
have  shown  that  such  observations  are  Ivpicallv  beyond  the 
reach  of  organic  assets,  includiog  both  ground  and  airborne 
systems,  and  therefore  would  best  be  satisfied  by  spacebome 
sensor  platforms 

2.  knabi.im;  tkcmnoloijy 

The  confluence  ol  two  significant  events — namely  the  evolution 
land  recognilioni  of  ilie  regional  missions  described  above,  and 
the  maturation  of  the  essential  enabling  technology — has  made 
possible  the  near  term  satisfaction  of  these  mission  shortfalls.  As 
IS  suggcstcil  by  the  scope  of  this  symposium,  the  solution  lies  in 
the  development  and  deployment  of  I.F.O  spacccrali  and  sensors 
that  can  he  produced  and  launched  at  low  cost.  Analysis  has 
shown  that  the  major  way  to  economi/e  on  space  systems  is  to 
develop  ultra  lightweight  spacecraft  and  sensors  to  facilitate  their 
launch  on  inexpensive  launch  systems.  Many  low  cost  booster 
systems  arc  already  available  to  place  lightweight  spacecraft  into 
I.LO:  Pegasus.  Taurus.  Titan  II.  Delta  II.  .Atlas.  Della,  Ariane. 
etc.  Thus,  whenever  a  space  system  requires  multiple  launches, 
such  as  to  replace  relalivciy  short  lived  spaceeraft/sensors  by  the 
inserlion  of  new  technology,  or  to  establish  a  small  constellation 
ot  peaeelime  satellites  lhat  can  accomplish  both  carlv  warning 


and  b.illlc  support  missions,  ihe  grcaic'i  single  Idc  svde  cost 
saver  IS  reducing  individu.il  l.iunch  losis 

2.1  LAI  NUH  (  O.STS  AND  ORBIT  Al.  l TTUDK 

As  staled,  the  major  t.ictor  in  iclncsirig  low  cost  lactical 
surscill.incc  is  m  th  ecurring  cost  ot  the  launch  sy-lcm 
However,  th.  esisi  is  tlircclly  depcndeni  on  the  pas  load  weight 
and  the  cliaracteristics  of  the  orbits  into  which  the  payloads 
imisi  be  placed  l  or  r.idar.  tor  example,  .o  the  sensor  is  placed 
into  higher  ami  higher  orhiis  ihe  si/e  ol  the  radar  lollcn 
relerred  to  as  the  jvower  aperture  proiiucli  increases  ihe  same 
as  ihe  r.inee  lo  the  loiirih  power  thus,  .u  die  higher  otbiial 
.illiliides.  an  aciise  loi  even  a  p.issuei  sensor  'vdl  be  much 
greater  in  si/c  and  weight.  .Since  spacecrati  pay load.da jiich 
costs  s.irv  directly  lo  sire  and  weight,  and  it  is  iherelore  much 
more  ecoiiomic.il  to  l.iunch  lighicr  p.iy loads  iiiio  I.LO.  the 
remote  sensing  lunclioiis  tend  lo  be  most  sosi  elfeciive  at 
l.LOs.  Iloweser.  a  soiiiiierveilme  issue  to  he  dealt  vviih  is  the 
miniher  of  l.f-.O  sp.icecrall/seiisors  required  to  provide  the 
necessary  viewing  nine  or  cuver.ige  ot  Ihe  region  or  theater  in 
question.  It  is  a  iriiism  that  as  die  orbit  altitude  ol  satellites  is 
reduced,  the  number  ot  spacecralt  required  to  maintain  Ihe 
s.ime  grounil  viewing  cover.ige  increases  I  radeoll'  that  can 
compromise  die  conllici  between  orbit  .iliiiude  and  spaceerall 
constellation  si/e  arc  prcsenied  later 

2.2.SKNSOR  TK(  HNOLOOY  AND  COSTS 

Lor  eonip.ilibiliiy  with  the  smaller,  more  economical  launch 
system  archiieeiiire.  the  surveillance  sensor  musi  he  ultra- 
lightweight.  But  another  imporiani  enabling  technology  for  the 
sensor  IS  dial  it  be  amenable  lo  low  cost  mass  producibihly 
Specifically,  the  producii/jiion  design  rnusi  lend  itscll  to 
jiitoinaied.  non  person- intensive  produenon  and  icsi 
A  descripiion  ol  die  w,iv  ihis  has  been  accomplished  al  Hughes 
for  spacebome  radars  is  presented  later 

X  LAUM  H-()N-DK,MAND  VLRSUS  PK ACKTIMK 
<  ON.SrKLI.ATION 

Two  ways  ol  carry  ing  inn  regional  or  ihcaicr  surveillance  arc 
obvious  The  first  would  relv  on  nonspacc*  resources  to 
ascerlain  that  elevated  threat  levels  arc  imminent  or  have 
occurred,  fho  second  wmild  rely  on  the  |XMcelimc  global  reach 
of  space  to  monitor  arul  provide  ihe  earliest  possible  warning 
lhat  a  ihroaiening  siiualion  is  developing  Alsv',  a  hybrid 
approach  that  has  no  or  a  single  surveillance  spaeecrafl  on 
orbit  and  lhat  provides  tor  surge  launches  of  .idditional  sensors 
lo  support  the  execution  ol  theater  battle  is  fc.isihle 

Hie  above  dichotomy  has  verx  imponant  implications  lor  Ihe 
design  and  operational  characterisiics  oi  ihc  spacecralt  and 
surveillance  instrument  Hughes  has  jxTlormcd  anaivsis  ol  a 
launch  on  demand  space  system  that  would  be  develoix’d  with 
Ihe  following  operaitonal  scenario  in  mind 

.LI  LAUNUH-ON-DKMAND  OPKRA TIDN  aL  .SCKN  ARIO 

To  satisly  a  growing  need  for  dedicated  and  asailable  space 
support  tor  tactical  niilitarx  commandc’rs.  ihe  liiture  sp.ice  systems 


miyhi  fcpicvcru  a  siiinihcani  departure  »ri»m  the  vvj\  eurrciu 
Npacc  s> '•terns  arc  dcMcncd.  hudi.  and  ticpItAcd.  The  ajsaiued 
spaecb«.>f7K‘  radar  would  he  dcsrunod  tor  qiianiiu  pnxluelum.  lone 
term  Nioraee.  and  cass  ehcek^mt.  such  as  the  'vtate-iJl-ihc-ari 
nnssilc  sterns  hinlt  tor  >ears  at  Huehes  A  Mirpnsinely  close 
match  between  the  content  ot  ceriait)  inissiios  de^elo{■H.*d  h\ 
iluehcs  and  spacocralt  ssas  viiscosered.  Specilicaliy .  the 
ivrccntaees  ot  the  iota!  units  m  temis  ui  suuvture.  pavUud.  atui 
propulsion  were  rentarkabK  similar.  Many  oi  these  rmssiles  were 
d«'\>'t''ped  l)c  L. ^Jd  111  ihuv.li  tliv.  ..he  :h^ttihc>.  n-uC 


lenn  siuraee  in  the  (leld.  rajiui  eo/no-eo  i  heckiHir  .snd  laurrch  An 
-hown  rn  l  ieure  1.  a  ladiei  Niuall  i.id.ir  sateittCe  vsould  be 
co>npaHi>ie  with  sinwaee  m.  lor  esainpie  a  IVe.iMis  laitine  un 
.Hid  v^tnrid  Iv  desiened  lor  low  vost.  quannis  piiHliKtion  ihi  l‘he 
radar  saiellile  wiuiid  Iv  sapahle  i>l  lone  knn  field  sioraee  icf  so 
that  a  reads  tiolaunch  irisentorA  uouid  .iiwa\>  rv  asadable  (d> 
Hurlt-in  sell  IcnI  cafiabililies  wiuiUl  jK'iini!  rapul  checkout  ol  the 
radar  spaeccrau  h\  (he  use  ot  simple  NurjCfi  equipment  m  the 
lactofy  and  the  Held  l  aunch  would  be  li.'ni  a  IVeasus  uo  01 

Other  •ujial'fC  S4iui.Kti  ‘S  stein  li  > 


DATA  LINK  ANTENNA 

«)  compact  OPERATIONAL  SPACECRAFT 


b)  QUANTITY  PRODUCTION 
AND  SIMPLE  CHECKOUT 


c}  LONQ  TERM  FIELD  STORAGE 


d)  RAPID  ACTIVATION/CHECKOUT 
AND  LAUNCH 
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FIGURE  2.  REPRESENTATIVE  OPERATIONAL  SAR  SYSTEM 


3.:  PKAC  KTIMKS|V\<  K( 

SCKNAKIO 

ConinirN  lo  ihc  launch  tni-Nlcmand  Nvcnaru).  if»c  iHMccnnK' 
'pacchorno  raJar  sccnaru'  tnakos  use  oi  .»  mikiH  I  l-.<)  r.ulai 
C'UisloiJation  ihat  pn^vicics  broad  area  iheaier  search,  as  uell  as 
liiiih  resi>laiion  unaunii!  upoji  ihc  deicciion  or  cueupa  of  a 
target  s  presence.  This  sveiutno  does  mx  preclude  the 
eapabtlifs  to  evecute  a  surge  launch  to  supplenieni  a  peaceunie 
constellation  o;  to  reconstitute  the  svstem  as  satellites  are 
destroyed  dunitg  maior  contltcls.  The  control  nt  this  s.iuaiu»n 
'.vould  reside  in  (he  theater  ciuninander  vs  ho  also  has  the 
responsihilits  and  capahtlity  lor  real  tune  tasking  ol  the 
spacehoriK’  radar  and  spaeccratt.  In  (-igure  3.  three  radars 
operating  in  the  SAR  mode  are  depicted,  one  providing  ''trip 
map  imaging  in  a  ^ide  area  target  detection  nunie  and  (he 
tnhci  two  providing  the  higher  resolution  spotlighiiiig  (i>  assist 
m  characien/ing  enemy  targets  that  have  been  delected.  MihIc 
change  inst.iJctions  to  look  in  ddlerent  areas,  lor  example,  are 
commaruled  in  real  time  hv  the  field  c<»mniunder’s  nu»bile 
control  station,  which  can  alstv  accept  onhi'.ird  processed  oi 
partialis  processed  imaiiing  data  trom  the  orbmne  railars. 
Dependme  i>n  the  time  frame  ol  the  hfst  launch,  there  is  an 
importani  tradeoll  between  accomplishing  all  imaging 
processing  onboard  the  spacecraft,  niviuding  comparison  ol 
input  data  to  siored  imaees  ol  pofcniial  lareeis.  veisus  the 
downlinking  ii|  rather  widchand  imagine  data  lor  near  real 
imie  processing  in  the  commander  s  gn>ijnd  control  console 
The  latter  is  most  hkelv  it>  be  preferred,  until  cixnpleielv 
rehable  auioprocessing  of  imaging  data  has  been  siicccssUillv 
\alidaied  The  implementation  ol  an  elticicni  wideband 
downlink  IS  very  straiglidorward  and  can  even  use  the  onboart! 
radar  arrav  lo  provide  the  communiLations  downlink  aperture 
so  lhat  another  tr.insimiicr/anienna  would  not  he  neeessarv. 

The  firovisjon  ol  a  commander's  command  control  console 
,ind  w.ork  sf.mon  to  task  and  vonirol  ihe  sp.iceerall  and  sens<»r. 
process  vollectcd  data,  and  provide  data  tusiori  as  required  is 
an  essential  part  of  the  total  operational  svstem.  along  with  the 
wideband  real  time  downlink  into  these  eround  stations. 

A  typical  operational  timeline  has  been  developed  to 
<]emons(rate  how  the  system  might  operate.  As  shown  m 
F  igure  3.  as  the  snacccratt  rises  ab<ive  the  battle  area  at  time 
I  I.  It  beeins  its  preprogranimed  broad  .irea  strip  map  search 
lor  enemy  targets  \i  time  I  2.  the  mobile  eround  station  with  a 


-mail  antenna  lianvnuts  a  vonimand  tor  (he  S  \k  lo  spotlight  ' 
.i  ('orimn  o!  Se*.{«>i  (  harlic  where  unrciogni/ed  enemy  assets 
”iay  be  bidden  in  a  wo»n)ed  ,it>'  i  \i  ume  I  A  the  S.AR 
spMihehis  Seuof  (  harhe  at  Inch  rcsoiulton,  uMiie  a  scanning 
iv.im.  .ifivi  a*.i,.omplis{K's  repeal  h*nks  as  nci.e'sarv  to  increase 
lesoUiiion  \i  (line  14,  a  SAK  f'lovessed  or  (\niially  ['rocessed 
imaee  is  downlinked  lo  the  mobile  L'roiiiitl  siaiion,  which 
levcals  a  siustet  ol  enemy  lanks. 

4.  (  OS  I  \S|)|>KRK>KMAN<  K  I  K(  HN<M.<)<;V 
KRKAKI  HKOI  (;il 

Lor  several  decades  Hughes  has  tJev  eloped  space  based 
latlars  that  have  pcrlormed  with  distmciion.  One  of  the 
earliest  was  Pioneer  \’enus  in  }o?s,  hich  was  the  first 
spaeeeralt  to  map  \  eiuis  ’  Ljs  thorough  mapping  was 
eseepiionajly  revealing  about  the  planet,  despite  the  tael 
that  the  .S.AR  resolution  was  approximately  Mh)  km. 
Subsequenily .  Hughes  developed  The  Magellan  radar,  which 
mapped  \eniis  <it  a  ctmsiderahlv  higher  resolution  - 
HH)  meters  All  I  ..S,  space  shuttles  have  ilown  a  Hughes 
radar  .ind  communications  system,  vs  Inch  has  been  used 
suecessluliy  and  repealedJv  (or  space  dockme  and  spaeeeralt 
retrieval  maneuvers,  A  look  at  the  Magellan  spacecrafi 
iLigure  shows  that  Ihe  SAK  funcuoned  with  a 
etnueniional  parabolic  antenna  and  amplilier  lube  and  that  its 
pertormance  was  hunted  to  the  kinds  (>t  power/amphlier 
prodiieiN  available  at  the  time  d  was  built.  Ligure  5  shows 
an  arehiieeiure  and  performance  aitnbuie  ct>niparison 
between  the  M.igellan  virchiteefurc  and  the  Hughcs-buill 
radars  oi  tvniay  Note  lhat  the  reflector  system  uses  the 
camveiitnuiai.  gam  limited  lube  aniphher  and  camiprises  a 
single  black  bov  transmitter  and  receiver  .A  maior 
shoricommg  ol  this  archiicciure  is  the  p(''or  beam  agiliiy. 
which  can  be  accomplished  onlv  hv  mechanically  steering 
the  antenna  for  any  beam  steering  or  scanning  mode  ol 
opcralton,  Ihe  phased  arrav  archdocture  on  the  boiiom  ol 
the  Hgure  shows  the  ability  lo  construct  and  depU>y  very 
large  arrays  udh  thousands  of  low  power  1  R  channels  that 
can  pri'vide  essentially  limitless  porlorinance.  When  this 
architecture  is  used  in  a  space  communications  mode,  lor 
example,  it  means  that  very  small,  low  power  ground 
terminals  ean  he  deployed  \o  operate  wdh  this  spacehornc 
a|x*rlure  fveause  ol  its  poientialtv  large  directivity  and  f*.fRP 
Perhaps  !he  single  most  important  characteristic,  however,  is 
that  the  phased  array  provides  for  instantaneous  beam 
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SAR  SPACECRAFT 

I - - 


LEGEND 

T1  SAR  SPACECRAFT  COLLECTING  BATTLE  AREA  STRIPMAP  IMAGES 

T2  MOBILE  TACTICAL  CONTROL  COMMANDS  SAR  TO  SPOTLIGHT  SECTOR  CHARLIE 

T3  SAR  SPACECRAFT  SPOTLIGHTS  SECTOR  CHARLIE 

T4  SAR  SPACECRAFT  DOWNLINKS  SPOT  IMAGE  TO  MOBILE  TACTICAL  IMAGE 

FIGURE  3.  TIMELINE  FOR  7  MINUTE  SAR  FLYOVER 


>C3nnmg  in  all  directions.  Typical  applications  have  provided 
tor  off-boresighi  scanning  in  all  directions  of  greater  than 
A  principal  physical  attribute  that  is  essential  to  the 
NATO  architecture  of  the  future  is  that  these  large  phased 
arrays  have  a  very  low  profile  and  extremely  lightweight 
densities — approximately  7  kg/m-  or  less 

Spacebome  phased  array  radars  for  military  applications  have 
not  existed  for  one  reason:  cost.  The  ma|or  cost  item  has  been 
ihe  T/R  module,  since  a  given  radar  application  may  require 
thousands  or  even  tens  of  thousands  of  these  devices.  Hughes 
has  made  enormous  investments  in  T/R  modules  that  were 
primarily  directed  at  airborne  applications,  since  Hughes  has 
been  a  major  airborne  military  radar  supplier  for  many  years. 
These  T/R  modules  incorporate  monolithic  microwave 
integrated  circuits  iMMlCs)  that  are  mass  produced,  weigh 
approximately  2  grams  (depending  on  the  frequency  band),  and  arc 
typically  packaged  in  a  1  x  0..T  x  0. 1 1  inch  unit,  laiw  temperature 
cofired  ceramics  (LTCCs)  have  been  used  for  several 
applications.  1.  ICC  is  a  technique  m  which  active  and  passive 


components  are  deposited  within  ribbtins  ol  ceramic,  and  ihe 
enure  package  is  heated  at  approximately  WXI'X'  lower  than  the 
temperature  ordinarily  used  on  ceramics,  so  that  the  total  package 
IS  formed  at  once  without  damage  to  the  functional  devices.  When 
this  pixKCss  was  begun  years  ago,  a  single  channel  T/R  typically 
cost  several  thousand  dollars;  today  these  devices  are  available 
at  less  than  S500  each.  In  addition  to  this.  Hughes,  under  a  U,,S 
Government  Manufacturing  Technology  (M.ANTECHl 
program,  constructed  an  automated  (robonci  facility  that  is 
dedicated  to  the  mass,  low  cost  production  ol  T/R  modules  tor 
radar  applications.  This  facility,  which  was  newly  constructed 
and  dedicated  early  in  1991.  is  Ixnng  further  auloniaicd  each 
year,  and  Ihe  cost  of  T/R  modules  by  1994  w  ill  be  between  S2(X) 
to  $4{X)  each.  This  represents  an  order  ol  magnitude  reduction 
in  cost  from  a  few  years  ago.  Refer  to  Figure  b. 

5.  REPRESENTATIVE  ORBIT  fONSTEI.LATIONS 

wide  variety  of  low  cost,  high  pcrlorinancc  space 
constellations  can  he  devised  One  small  constellation  would  he 
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MAGELLAN 


•  REFLECTCn 

•  BLACK  BOX  SINGLE  TRANSMITTER  RECEIVER 
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FIGURE  5.  RADAR  ARCHITECTURE  COMPARISON 


placed  at  an  orbital  altitude  of  600  n.mi.  I  see  Figure  7).  If  truly 
global  survetllance  coverage  ts  the  goal,  including  excellent 
coverage  over  the  poles  (which  is  not  the  most  likely  scenario  lor 
Ihe  niajority  of  the  NATO  theater  surveillance  inissionsi.  a 
system  of  four  satellites  comprising  two  planes  with  two 
satellites  each,  all  with  a  9(T  inclination,  would  be  feasible.  The 
satellites  would  be  separated  by  I  HO"  within  each  plane.  The 
global  coverage  would  be  very  gtxtd  in  that  the  worst  case  revisit 
gap  in  the  entire  world  (meaning  the  time  during  which  no  sensor 
can  "view  "  that  particular  area  on  the  earth!  would  be  1.54  hours 
(and  this  would  be  a  rare  occurrence i.  However,  the  average 
revisit  gap  for  every  place  on  the  planet  would  be  (1.62  hour 
(approximately  .^7  minutes). 


.Another  four-satellite  constellation  would  he  placed  at  half 
ihc  altitude  of  the  one  itist  described  (see  Figure  Ki.  In  this  case, 
the  altitude  for  all  spacecraft  would  be  .M)l)  n  mi.,  and 
the  inclinations  for  the  spacecraft  would  he  (!’.  riO',  57°,  and 
57“.  rcspeclis  ely.  The  orbit  period  for  each  would  he 
‘!6  minutes,  and  the  average  revisit  gap  globally  would  range 
from  2  to  4  hours.  Figure  X  shows  the  ground  traces  over  three 
revolutions  (4.X  hoursi  lor  these  four  satellites 

6.  REPRE.SENTATIVK  LOW  COST  SPACE  SYSTEM 
DESIfJN 

Hughes  has  developed  a  low  cost  spacecraft  and  .S.AR  payload 
that  represents  one  form  ol  low  orbit,  long  life  approach  to  the 
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problem.  The  goal  was  to  design  a  iighivscighi.  low  cost, 
manufaciurable  spacecraH  that  could  support  a  fairly 
substaniial  (but  ultra-lighiweighi)  SAR  and  be  compatible  wnh 
the  Delta  11  launch  system.  The  design  is  for  an  afternoon  sun 
synchronous  orbit  with  an  altitude  of  approximaicly  .170  n.mi. 
The  primary  solar  power  system  is  approximately  5  kW.  and 
the  SAR  array  is  approximately  12x4  meters,  for  a  total  area 
of  48  m“.  In  this  panicular  design,  it  is  desirable  to  include  a 
large  (6  foot  diameter),  dual  gimbal  pointing  parabolic  antenna 
to  relay  wideband  SAR  data  to  a  geosynchronous 
communications  relay  satellite.  Furthermore,  an  X  band 
downlink  is  provided  to  enable  real  time  SAR  data  to  be 
iransmilled  to  operational  users  directly  below  the 
spacecraft/SAR  at  any  time.  The  entire  spacecraft,  power 
system,  radar,  propulsion  system,  and  all  onboard  electronics 
are  designed  for  an  orbital  lifetime  of  8  years. 

The  very  lightweight  spacecraft  for  this  application  is  a 
simple  tnangular  truss  arrangement,  whereby  the  SAR  array 
is  affixed  to  one  of  three  sides  of  the  bus.  and  each  of  the 
solar  wings  is  attached  to  one  of  the  two  remaining  side.s.  as  is 
shown  in  Figure  9,  Note  that  in  this  figure,  the  fairing  above 
the  Della  II  second  stage  has  a  1 10  inch  envelope  for  the 
payload,  and  the  large  reflector  antenna  is  also  accommodated 
within  the  fairing. 

Figure  10  depicts  this  spacecraft/SAR  payload  in  the  space- 
deployed  configuration.  The  SAR  antenna  is  canted 
approximately  .10°  off  the  horizontal,  to  permit  side-looking 
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FIGURE  7.  HIGH  ORBITAL  ALTITUDE 
CONSTELLATION 

only.  In  this  panicular  design,  ihe  requirements  are  for  ±30° 
scan  capability  in  the  elevation  axis  and  20°  scan  capability  in 
the  azimuth  axis.  Similar  designs  have  called  for  the  array  to 
be  deployed  normal  to  Ihe  earth’s  radius  vector  to  more  readily 
scan  to  the  right  and  left  as  the  spacecraft  progresses  along  the 
orbital  path.  In  Ihe  latter  case,  the  designs  have  typically  called 
for  ±60°  of  scan  in  both  axes. 
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Discussion 


Question:  May  you  give  (rough  order  of  magnitude) 
how  many  PEGASUS  launched  small  satellites  you  plan 
to  build  to  have  an  economically  efficient  approach 
in  terms  of  manufacturing  facilities  and  effective 
service? 

Reply:  That  one  concept  was  based  on  a  Customer  long¬ 
term  need  for  hundreds  of  spacecraft  at  very  lov/  cost 
to  be  deployed  in  the  field  for  long  periods.  The 
PEGASUS  solution  was  a  design  constraint,  but  is  high 
in  $s  /lb  to  orbit.  Multiple  spacecraft  launchers 
for  peacetime  constellations  and  short  (approximately 
1  year)  orbit  life  may  make  more  sense.  However,  the 
very  large,  high  performance  radar  (on  Delta  II)  is 
close  in  cost  to  the  TACSAT  goals  discussed  by  Charlie 
Heiraach,  et  al. 
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Abstract 

This  paper  discusses  the  key  space  system  features 
required  to  provide  effective  support  to  military  field 
units  and  discusses  Lockheed's  concept  to  fill  critical 
niches  in  military  surveillance  and  remote  sensing. 

The  military  is  aware  of  benefits  available  from  more 
effective  use  of  space.  To  provide  those  benefits,  space 
systems  must  be  dependable,  easy  to  use,  flexible, 
responsive  and  affordable.  This  paper  describes  how  a 
programmable,  multi-spectral  E-O  sensor  combined 
with  a  new  small  satellite  bus,  and  supporting  command 
and  control  and  data  processing  tools  can  provide 
environmental  and  surveillance  support  to  users  in 
peacetime,  crisis  and  combat.  Also  discussed  are  how 
such  a  system  meets  essential  military  utility  criteria 
and  an  approach  for  rapid  TaeSat  system  development, 
evaluation  and  deployment. 

Introduction 

In  an  era  when  businesses  are  learning  the  importance 
of  total  customer  satisfaction,  developers  of  new  space 
systems  have  opportunities  to  achieve  similar  goals. 
Just  as  products  emphasizing  user  convenience,  hassle- 
free  service  and  high  quality  at  an  affordable  price  are 
essential  in  today's  economy,  space  system  developers 
must  use  emerging  technologies  to  meet  similar  needs 
for  civil  and  military  systems.  In  the  commercial  arena, 
a  system  designed  for  total  customer  satisfaction. 
Motorola's  IRIDIUM^'"^'*^  global  personal 
communications  system  is  in  development.  The  same 
philosophies  can  be  reflected  in  a  tactical  surveillance 
system  and  the  projected  commercial  infrastructure  can 
aid  the  economic  feasibility  of  such  a  system. 

The  IRIDIUM  system  provides  global  personal 
communications  using  a  constellation  of  small  LEO 
satellites,  supporting  ground  facilities  and  a  user 
equipment  family  including  a  small,  hand-held 
telephone  and  a  variety  of  data  terminals.  The  system 
thrust  is  to  provide  cellular  telephone- like  convenience 
and  quality  with  24  hour  dependability  anywhere  on  the 
face  of  the  Earth.  The  IRIDIUM  system  will  provide 
high  quality  telephone  connections  anywhere  with  the 
same  effort  normally  required  to  call  between  offices  in 
a  large  city.  In  short,  the  IRIDIUM  system  applies 
state-of-the-art  technologies  to  make  things  simple  and 
convenient  for  customers.  With  modem  cryptographic 


devices  and  GPS  receivers,  an  IRIDIUM  subscriber  unit 
could  be  ideal  for  several  voice  and  precision  location 
functions  in  peacetime  and  limited  warfare  situations. 
Another  military  benefit  from  the  IRIDIUM  system 
may  be  the  user  satisfaction  model  it  provides.  A  like 
philosophy,  applied  to  the  development  of  military 
surveillance  systems,  could  produce  huge  benefits. 

Any  discussion  of  a  new  military-  capability  must 
address  new  world  realities.  The  welcome  reduction  in 
superpower  tensions  has  come  with  unpleasant  side- 
effects  including  greater  political  instability,  local  "hot 
spots,"  and  the  danger  of  a  local  conflict  spiraling  out  of 
control.  The  political  reality  of  reduced  western 
military  spending  and  constrained  forward  basing 
accompanies  these  threats.  The  factors  combine  to 
demand  greater  flexibility  and  responsiveness  of  the 
remaining  forces.  The  Persian  Gulf  showed  that  timely 
warning  and  intelligence  information  in  the  hands  of 
commanders  can  produce  force  multipliers  that  allow 
the  prosecution  of  conflict  with  low  casualty  levels. 

One  consequence  of  this  environment  is  an  emerging 
need  for  user  controlled,  cost  effective,  tactical  space 
systems  to  provide  timely  information  to  commanders. 
The  systems  could  give  indications  and  warnings  of 
force  build-ups,  allow  treaty  compliance  monitoring, 
and  support  national  and  allied  forces  in  peacetime, 
crisis  and  combat.  They  could  operate  in  modes  to 
.satisfy  the  different  needs  of  several  users. 

The  needed  capability  can  be  effectively  provided  by  a 
small  LEO  satellite  with  a  programmable,  multi- 
spectral  sensor  combined  into  a  "TaeSat"  space  system 
shown  in  Figure  1.  Key  TaeSat  system  features  would 
include  a  distributed  architecture  with  direct  user 
tasking  and  data  readout.  Technologies  central  to  this 
TaeSat  system  concept  are  multi-band,  CCD  focal- 
plane  arrays,  satellite  on-board  computing  and 
advanced  work  station  ground  data  processing. 

Mission  Requirements  &  Trades 
User  Satisfaction 

At  the  most  basic  level,  the  fundamental  requirement  of 
any  system  is  that  it  satisfy  u.ser  needs.  In  a  military 
surveillance  system,  that  translates  into  a  need  to 
provide  timely  information  on  force  disposition,  local 
environmental,  infrastructure  and  other  conditions  to 
commanders.  It  is  technically  feasible  to  build  a  space 
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Figure  1.  Military  Needs  arc  the  TaeSat  Driver 


system  with  the  spatial  and  spectral  resolution  to  do  the 
job.  It  is  harder  to  retain  adequate  resolution  while 
satisfying  frequent  coverage,  large  area  surveillance, 
timely  access  to  information  prooucLs,  ease  of  use.  and 
dependability  needs,  ail  with  low  system  costs.  Many 
think  that  the  simultaneous  satisfaction  of  these  needs  is 
not  practical.  It  is  practical,  however,  to  build  a  system 


that  meets  these  varied  user  needs  at  selected  times. 
Using  low  cost  systems  and  technologies,  it  is  possible 
to  achieve  high  user  satisfaction  with  a  robust  and 
responsive  system  luvhitecture.  De-centralization  does 
not  result  in  higher  costs  than  current  capabilities.  This 
architecture,  shown  in  Figure  2,  manages  resources  to 
fit  a  situation  and  is  the  thrust  of  our  TacSal  concept. 
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Figure  3.  User  Driven  Design  Fcatu;c  Matrix 

Figure  3  shows  the  key  user  needs  satisfied  by  an 
electro-optical  TaeSat  system,  and  how  tho.se  needs 
map  into  desired  design  features.  The  first  system 
design  step  is  the  definition  of  key  mission  driven 
sensor  characteristics.  These  characteristics,  combined 
with  orbit  .selection,  define  the  system's  "capability  to 
survey  and  collect". 


TaeSat  system  performance  is  fundamentally  defined 
by  the  combination  of  scn.;or  characteristics  and 
mission  orbit.  As  shown  in  Figure  4.  the  process  of 
selecting  these  parameters  starts  with  the  definition  of 
mission  requirements;  i.e.,  what  specific  roles  will  the 
system  be  designed  to  .satisfy  and  what  performance 
levels  will  be  required  for  tlic.se  roles.  For  example, 
one  role  might  be  daylight  surveillance  of  a  battle  area 
to  detect  armor,  another  might  be  surveillance  of  a  port 
area  to  detect  shipping  activity.  Each  of  these 
missions  requires  some  specific  quantifiable  threshold 
performance  and  a  range  of  characteristic  goals  that 
affect  tasking.  The  key  to  scn.sor  and  orbit  design  is 
balancing  as  many  ta.sking  thresholds  as  practical  while 
maintaining  performance  against  the  variable  goals,  all 
at  an  affordable  cost. 
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Figure  4.  E-O  Sensor  System  Approach 

The  multiple  areas  of  performance  required  for  TaeSat 
missions  arc  achievable  in  several  ways.  The 
conventional  approach  is  to  use  two  main  .scn.sor  types, 
one  emphasizing  v/ide  ficld-of-vicw,  the  other  high 
resolution.  The  key  to  our  concept  is  the  capability  to 
satisfy  the  key  TaeSat  missions  with  a  single  sensor. 


This  is  possible  through  the  u.sc  of  two  diffciem  focal 
planes  and  the  llexibiliiy  to  operate  in  either  "staring " 
or  "scanning"  modes.  The  "staring"  mode  captures 
high  rc.solution  data  of  a  relatively  small  geographic 
area.  In  this  mode,  a  sensor  continuously  tracks,  or 
.stares"  at  a  particular  target,  and  the  image  size  is 
limited  to  the  scn.sor's  field  of  view  (FOV). 

The  scn.sor  can  scan  in  cither  the  "push-broom"  or 
"whisk-broom"  modes.  When  .scanning  in  the  "push- 
broom”  mode,  a  sensor  images  a  strip  determined  by  its 
FOV.  A  wider  area,  with  reduced  dim  target 
performance,  can  be  imaged  using  the  "whisk-broom  " 
scan  mode.  This  dual-mode  capability,  discussed  later, 
provides  a  surveillance  option  "menu '  to  the  user 
ranging  from  small  area,  higher  rc.solution  to  large  area, 
medium  rc.solution.  In  addition,  the  pointing  capability 
required  for  scanning  and  staring  also  allows  target 
area  .selection  within  a  field  of  regard  (FOR)  of  about 
±45"  to  each  side  of  nadir  along  the  llighi  path. 

In  addition  to  user-programmable  pointing,  the  sensor 
should  feature  multi-spectral  capability.  The  scan 
n.odes  might  he  supported  by  a  senes  of  multi-element 
linear  focal-plane  arrays,  each  covered  by  narrow  band 
optical  fillers.  The  high  resolution  staring  mode  could 
use  a  square  panchromatic  array  operaung  in  the  visible 
band.  This  combination  makes  it  possible  to  support 
the  many  .spectral  bands  and  differing  resolutions 
needed  to  perform  TaeSat  missions. 

Ctfvyract 

TaeSat  system  ncxibiliiy  and  timeliness  arc.  to  a  large 
extent,  orbit  dependent.  Of  course,  orbit  selection 
often  involves  trades  against  resolution.  Orbit  selection 
requires  consideration  of  options  for  altitude, 
inclination  and,  in  some  eases,  eccentricity.  Figure  5 
shows  some  of  the  factors  clfecting  altitude  selection. 
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Figure  5.  Altitude  Trades 

Environmental  factors  bound  the  range  of  available 
options.  Below  about  450  KM,  atmospheric  drag  starts 
to  become  a  factor  by  increasing  propellant  for  orbit 
maintenance  and  beginning  to  produce  attitude  control 
design  issues.  At  the  other  extreme,  altitudes  above 
about  1400  KM  result  in  increased  requirements  for 
component  h.rdaning  against  the  radiation 
environment.  (Orbits  above  the  radiation  belts  would 
not  need  as  much  hardening,  but  would  require  sensors 
of  a  different  class  than  tho.se  di.scu.sscd  here.) 
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Specific  altitude  selection  between  450  and  1400  KM 
involves  minimizing  the  total  system  cost  for  a  desired 
resolution  level.  As  altitude  increases,  sensor  focal 
length  must  also  increase  to  maintain  constant 
resolution  on  the  ground.  Increasing  the  focal  length 
usually  increases  both  the  sensor  and  satellite  weight 
This  combination  of  increased  weight  and  altitude 
increases  satellite  cost  and.  generally,  launch  costs. 
However,  the  higher  altitudes  have  several  significant 
advantages.  First,  even  at  constant  resolution  levels,  it 
is  possible  to  gain  a  wider  access  area  on  a  single  pass 
by  taking  advantage  of  greater  off-nadir  performance. 
Second,  if  reduced  resolution  is  allowed,  higher 
altitudes  allow  larger  imaging  swaths  on  a  single  pass 
even  with  a  constant  down-link  data  rate.  Therefore,  a 
sensible  design  strategy  is  to  optimize  for  the  highest 
practical  orbit  (below  1400  KM)  available  with  the 
selected  launch  vehicle.  Sizing  the  sensor  to  provide 
the  required  resolution  would  then  give  the  best 
balance  between  resolution,  single  satellite  coverage 
and  cost.  This  paper  assumes  that  booster  constraints 
would  result  in  a  system  at  the  low  end  of  the  range 
(450  KM),  but  no  final  decision  is  implied. 

Other  important  parameters  are  whole  earth  versus 
mid-latitude  coverage,  revisit  times  and  the  number  of 
satellites  required  to  achieve  them.  Orbit  inclination  is 
selected  based  on  the  desired  range  of  target  area 
latitude’s  and  the  practical  constraints  of  available 
launch  sites,  though  some  mobile  launch  systems  could 
eliminate  those  constraints  given  sufficient  payload 
capability.  The  trade  is  usually  between  a  polar  orbit 
and  an  inclined  orbit,  either  circular  or  elliptical.  The 
polar  orbits  have  the  advantage  of  covering  the  entire 
earth  with  potentially  repeating  ground  tracks.  Their 
disadvantage  is  that  the  satellite  spends  a  significant 
portion  of  its  orbit  over  the  polar  regions.  Inclined 
orbits  can  cover  the  temperate  zones  or  higher  latitudes 
as  requued.  However,  it  is  difficult  if  not  impossible  to 
design  an  inclined  orbit  where  a  target  is  available  at 
the  same  time  each  day  with  only  a  few  satellites. 

Pet  satellite  coverage  is  a  key  measure  of  cost 
effectiveness  and  is,  in  turn,  driven  heavily  by  launcher 
options  in  two  ways.  First,  use  of  maximum  launcher 
performance  increases  orbital  altitude  and  coverage. 
Second,  launcher  flexibility  allows  varying,  situation 
specific  orbits  when  appropriate.  Another  approach  is 
a  general  purpose  sun-synchronous,  circular,  near  polar 
orbit  that  provides  a  global,  long  term  capability. 

System  Useabilitv  and  Operations 
An  effective  command  and  control  architecture  is  the 
key  to  TaeSat  system  useability,  as  shown  in  Figure  2. 
The  primary  architectural  strategy  divides  control  into 
two  functions,  mission  support  and  satellite  suppon. 
The  clear  separation  of  these  two  functions  is 
critical  to  user  satisfaction  since  it  allows  combat 
commands  to  obtain  .satellite  surveillance  benefits 
without  the  burden  of  .satellite  management.  This 
support  function,  completely  transparent  to  the  field 
commands,  is  accomplished  by  rear  echelon  activities 


with  the  facilities  and  expiertise  lo  manage  and  control 
a  single  TaeSat  or  a  mulupic-saiclhic  constellauon. 

The  operational  principle  is  based  on  the  idea  of 
field  commanders  using  a  predetermined  schedule 
of  resource  availability  to  initiate  targeting.  They 
would  know  in  advance  of  saielhte  orbital  pas,ses  over 
ihcir  areas  of  interest.  The  rear  echelon  activity  would 
operate  the  spacecraft  and  perform  hou.sekeeping 
functions.  Users  would  know  dial,  between  specified 
times,  they  could  point  the  sensor,  select  spectral  bands 
to  acquire  needed  data  and  direct  it  to  the  appropnaie 
user  ground  station.  They  would  not  have  to  control 
satellite  altitude  or  provide  pointing  angles.  Instead, 
they  would  provide  target  coordinates.  System  design 
features  and  user  task  planning  tools  would  ensure  that 
the  user  commands  were  within  system  capabilities, 
and  not  potentially  damaging  to  the  saicllite. 

The  strategy  allows  regional  commands  lo  use  a 
.satellite  as  an  organic  asset  when  it  is  overhead,  even 
though  LEO  satellites  arc  inherently  inorganic  global 
as.scts.  L'.scrs  would  control  the  assets  based  on  local 
pnoritics.  It  would  be  possible  for  a  command  to  make 
a  decision  on  the  best  tasking  use  just  prior  lo  a  pass, 
send  commands  to  the  TacSai.  have  it  image  the  target, 
and  return  the  data  for  processing  and  analysis.  This 
high  degree  of  user  autonomy  requires  that  the  satellite 
and  support  system  be  designed  from  the  start  to 
separate  housekeeping  and  payload  operations.  This 
feature  requires  a  rear  echelon  suppon  capability  that 
operates  the  satellites  and  provides  user  support. 
Satellite  operations  include  such  t.-adilional  functions 
as:  launch  control,  injection,  check-out,  navigation, 
orbit  adjusts  and  maintenance.  U.ser  suppon  includes 
the  distribution  and  priontization  of  tasking  allocauons, 
and  the  resolution  of  operational  problems. 

Figure  6  .shows  a  typical  TacSai  pass.  With  the  3° 
FOV  multi-purpose  sensor,  a  single  pa.s,s  swath  width  is 
limited  by  the  allowable  sensor  obliquity.  At  45°,  the 
swath  is  about  1040  KM  by  1930  KM  at  10°  elevation 
angle.  The  u.ser  access  area  is  limned  by  linc-of-sight 
from  the  satellite  to  the  mobile  exploitation  sites  that 
receive  the  data.  Reaches  of  780  KM  arc  conservative 
and  could  be  increased  by  reducing  allowed  elevauon 
angles  or  swath  lengths.  The  linkup  is  made  between 
3°  and  5°  elevauon  and  commands  and  other  data  up- 
linked  between  5°  and  10°  elevation. 

TaeSat  operational  objectives  to  maximize  user 
benefits  and  flexibility  and  minimize  user 
performed  satellite  operations  drive  the  C-^ 
architecture.  Di.stributcd  payload  tasking  is  a  key  to 
the  TaeSat  concept.  Users  require  a  system  that  simply 
and  responsively  supplies  support  without  being 
hampered  by  insufficient  satellite  knowledge  or  the 
burden  of  additional  infrasOTicturc.  Figure  7  shows  the 
capabilities  divided  into  categories.  Payload 
tasking  consi.sLs  of  simple,  user  commands  on  a  pre- 
ailocatcd,  lime  share  basis.  Allowing  users  to  task  the 
.sensor  payload  in  ground  coordinates,  eliminates  the 
need  for  user  cphcmeridcs  and  pointing  understanding. 
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Figure  9.  TacSat  Multi-Purpose  MSI  Sensor  Concept 


Multi-Spectral  Band  Selection 
The  earth's  atmosphere  has  many  highly  absorbing 
molecular  species.  Their  influences  establish  spectral 
windows  for  satellite  sensors  to  detect  surface  or  ncar- 
surface  phenomena.  Waveband  options  must  be  chosen 
considering  target  phenomenology  and  these  windows. 
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Multi-spectral  information  is  highly  useful  for  many 
TacSat  missions.  When  used  to  supplement 
panchromatic  data,  the  non-visible  bands  add 
detectability.  Camouflage  can  be  detected  as  can  warm 
objects  against  a  cooler  background.  Multiple  band 
measurements  can  be  used  to  compensate  data  for 
environmental  conditions  such  as  water  vapor  effects. 
The  bands  listed  in  Figure  11  represent  an  initial 
selection  based  on  expected  targets  and  backgrounds  of 
greatest  interest  and  likelihood.  The  system  and 
sensor's  programmable  features  allow  .specific  uses  of 
band  combinations  for  each  mission  with  data  formatted 
for  transmittal  to  the  ground. 

Optical  Design  Selection 

All-reflecting  optics  designs  are  superior  for 
simultaneous  use  of  different  spectral  bands. 
Reflecting  optical  systems  also  offer  feasible  weights  in 
this  aperture  range.  Except  for  small  refractive 
elements  providing  image  correction  in  the  high- 
resolution  visual  band,  the  design  uses  all  reflecting 
optics.  Detectors  for  the  high  resolution  panchromatic 


array  arc  located  with  the  central  1'^  of  the  line  FOV 
where  geometric  aberrations  arc  small.  This  has  the 
disadvantage  of  reducing  available  visual  coverage 
rates,  but  is  necessary  to  balance  distortion  and 
rc.solution.  Using  two  focal  planes  with  different  focal 
ratios  maximizes  the  combined  FOV  and  resolution. 

Physical  law  dictates  that  resolution  is  proportional  to 
the  ratio  of  aperture  diameter  and  spectral  wavelength. 
For  apertures  feasible  on  a  small  ^atellitc,  high 
resolution  is  attainable  only  in  the  visual  and  near-to- 
mid-IR  bands,  from  lower  orbits.  The  45  cm  aperture 
compromise  provides  good  performance  (SNR  and 
resolution)  for  most  missions,  and  construction  with 
reasonable  size  and  weight.  For  mapping,  SNR 
generally  decreases  and  resolution  increases  with  f/#. 
The  f/7  scanning-mode  optical  path  is compromise 
between  SNR  and  resolution  performance.  In 
staring,  high  resolution-mode,  a  higher  f/#  is  desired. 
With  a  large  square  silicon  CCD  detector,  an  f/15 
system  meets  resolution  requirements  with  good 
FOV  and  SNR  performance. 

For  given  aperture  and  resolution,  wide- ficld-of- view 
sensors  tend  to  be  large.  The  design  has  a  slightly  off 
axis  optical  path  providing  a  wide,  one  dimension  FOV, 
with  resolution  only  partially  degraded  by  geometric 
aberrations.  This  approach  is  acceptable  for  IR  bands, 
where  diffraction  blur  exceeds  the  geometric  blur.  An 
additional  square  high-resolution  focal  plane  uses  the 
on-axis  optical  path  and  operates  only  in  the  visual 
band,  providing  maximum  resolution  for  designated 
areas  of  interest.  Operating  the  highest  resolution 
missions  solely  in  the  shorter  wavelength  visual  band 
keeps  the  aperture  size  small.  When  sunlit,  most 
ground  and  weather  features  of  interest  show  visual- 
band  contrast  adequate  for  detection. 

The  square  visible  staring  array  receives  the  on-axis 
narrow-FOV  beam  through  a  central  hole  in  the  primary 
mirror.  The  multi-spectral  optical  path  lies  just  to  the 
side  of  the  .staring  systems  lens  elements.  Figure  12 
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Figure  12.  Muki-Speciral  l-iK'al  Plane 


shows  (he  nuilii-speelral  l-'ocal  Plane  Array  il-PAi 
layout.  .A  thermal  i.solator  di\idcs  the  FPA  into  .in 
uncooled  visual  and  cooled  ifd)  Ki  IR  uavehand 
secuons.  Filters  to  deline  the  detected  waveband  cover 
the  detectors  in  each  pair  ul'  siaggered-alignnieni  rows, 
with  multi-color  data  received  automatically  as  Uie  rows 
sweep  across  the  scene.  The  FP.A  length  will  likely 
require  use  and  alignment  of  separate  smaller  line  array 
sections  combined  to  form  the  FPA,  .Signal-to-noi'-e 
ratio  analysis  of  a  scene  to  be  imaged  or  mapped  nui't 
account  for  the  observer's  tlcsired  contrast  level. 
Background  noise  rather  than  internal  sensor  noise 
limits  TaeSat  mapping  observations.  This  is  because 
the  earth  is  bright  in  most  wavebands,  especially  the 
sunlit  half.  The  result  is  the  parabolic  relation  ot 
contrast  to  photon  count.  Since  detccuible  contrast 
depends  on  photon  count,  for  background-limited 
detection  the  relation  between  contrast  level,  reqiiireil 
SNR,  scan  rate,  and  spectral  bandwidth,  is; 


(  \iniriist  =  SSR' iSi  un  Rawr''..'  iSp  uilh/'..' 

riiis  helps  to  ehoose  the  scan  rate,  once  the  expected 
•..irget  and  background  signaiiircs,  and/or  search  areas 
are  delined.  A  commandable  sensor  allows  o[K’raiiiins 
tailored  to  immediate  mission  requirements. 

Sensor  operations  could  involve  bi-dircciional  whisk- 
broom  scans  covering  about  a  l-l  -wide  swath  parallel 
to  the  lliglu  path  ai  up  lo  4,s-  from  nadir.  Desired 
ground  resolutions  are  challenging  to  achieve  over  the 
lull  F'OV  with  a  moderate  aperiure,  estxxially  m  the  IR 
bands,  and  a  wide  ficld-of-view  with  rea.sonable  and 
weight  is  needed  for  these  missions.  Data  downlink 
rates  arc  high  for  mapping  and  surveillance  missions. 
Tliis  makes  it  difficult  to  prtKcss  and  rolum  data  within 
time  consu-ainis,  Tliesc  rclleci  the  combinauon  of  w  ide 
coverage  and  medium  resolution.  If  attention  is  limited 
to  a  few  areas,  slower  scan  and  ilata  rates  are  possible. 
Fieure  I '  shows  the  sensor  block  tliaerain. 


Figure  i  .T  TaeSat  Mulii-.Spcctral  Sen.sor  BItK'k  Diagram 


With  cooled  IR  band  FPA  detectors,  adequate  sensor 
heat  rejection  is  essential.  Operation  of  infrared  sensors 
requires  cooling  of  detectors  and  other  local  thermal 
photon  noise  sources  (optics  and  structures).  Detectors, 
if  HgCdTc,  operate  with  sufficiently  low  dark  current 
when  at  80°K.  To  achieve  such  temperatures  without 
large  radiators,  mechanical  coolers  are  needed.  Two 
small  radiators  arc  used,  one  for  the  mechanical  cooler 
and  on-gimbal  electronics,  and  the  other  to  keep  the 
optics  and  structures  cool.  A  lightweight,  rapid¬ 
readiness,  cooler  with  long  storage  life  could  be 
required  for  TaeSat  missions.  In  the  desired  size  range, 
a  mechanical  Sterling  cycle  cooler  is  a  good  choice.  It 
operates  at  a  coefficient  of  operating  power  of 
approximately  100  Watts  consumed  per  Watt  of 
cryocooling  dissipation. 

Since  the  sensor  is  designed  to  operate  in  the  “push 
broom”  or  “whisk  broom”  mode,  it  is  unlikely  that  a 
radiator  would  be  continuously  shaded.  Some 
alternatives  are:  periodically  moving  the  primary 
spacecraft  nadir-pointing  axis  off  nadir,  fitting  a  sun 
shield,  or  using  a  sun-synchronous  orbit  and  "whisk 
broom"  mode  exclusively.  It  might  also  be  possible  to 
change  operational  modes  so  that  radiator  sun  exposure 
is  less  than  35  minutes  per  orbit.  However,  the 
combination  of  a  sun  shield  and  alternating  modes 
could  allow  shaded  operations  with  minimal  mode  use 
interference  and  allowing  inclination  choice  freedom. 


Figure  14  shows  a  possible  TaeSat  configuration.  The 
TaeSat  bus  houses  all  equipment  to  support  the  sensor 
payload  and  communications  equipment.  The  key  to 
TaeSat  flexibility  and  utility  is  a  bus  that  uses  a  single 
Integrated  Spacecraft  Electronics  (ISE).  Figure  15,  the 
spacecraft  block  diagram,  shows  major  vehicle 
components  and  interfaces  and  how  the  ISE  controls 
and  coordinates  functions.  The  ISE  processes  attitude 
sensor  data  and  controls  orbit  and  attitude  through  the 
reaction  wheels  and  the  propulsion  system.  The  ISE 
also  collects  and  formats  spacecraft  housekeeping  data 
for  storage  and/or  transmission. 


The  ISE  is  the  "heart"  of  the  TaeSat  spacecraft.  It  is  a 
single  electronics  package  with  a  modular  data  bus.  A 
series  of  mission  and  application  specific  cards  attach  to 
the  data  bus.  These  cards  connect  the  bus  systems,  and 
payload  if  desired,  to  the  data  bus.  A  high  speed  CPU 
is  also  on  the  data  bus,  as  shown  in  Figure  16.  Locally 
generated  data  and  ground  commands  move  to  the 
processor.  Once  in  memory,  this  data  is  used  to 
generate  spacecraft  or  transmission  commands. 


Figure  16.  ISE  Block  Diagram 


The  eiccuical  power  system  (EPS)  design  should  be 
simple  and  flexible.  The  system  uses  cither  gallium- 
arsenide-on-germanium  or  silicon  solar  cells  and  nickel- 
hydrogen  batteries.  Gallium-arsenide  solar  panels, 
while  more  expensive,  offer  improved  packaging,  lower 
weight  and  reduce  orbital  disturbance  torques  and 
moments  of  inertia  compared  to  silicon  cell  panels.  A 
single  pressure  vessel  (SPV)  nickel-hydrogen  battery 
can  lower  both  weight  and  cost  compared  to  an 
equivalent  individual  pressure  vessel  (IPV)  system. 
These  factors  combine  to  reduce  propellant  mass. 


Three-axis  stabilized  TaeSat  attitude  control  and 
propulsion  .subsystem  functions  provide  a  stable  sensor 
platform  and  include:  determination  of  attitude  and 
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Figure  14.  Po.ssibIc  TaeSat  Spacecraft  Concept 


Figure  15.  Typical  TacSal  Block  Diagram 


position,  attitude  control  and  pointing  agility,  orbit 
adjust  control  and  actuation,  payload  torque  and 
momentum  compensation,  safemodc  control  and  dc- 
orbit,  if  required.  The  subsystem  hardware  consists  of 
sensors,  actuators  and  propellant  storage  and  delivery 
system.  All  control  law,  safemode  and  other  software 
reside  in  the  ISE.  Three  reaction  wheels  provide  torque 
actuation,  with  agility  requirements  and  residual 
payload  torques  after  momentum  compensation  driving 
their  size  and  magnetic  lorquers  for  desaturation.  Low 
cost  star  camera  sensors  provide  the  kind  of  knowledge 
needed,  with  a  sun  sensor  for  coarse  pointing. 

The  propulsion  system  consists  of  a  conventional 
hydrazine  mono-propellant  tank  with  propellant 
management  system,  lines,  filler,  valves, 
instrumentation  and  thrusters.  System  pressurization 
could  use  either  a  blow-down  or  a  re-pressurizaiion 
system.  The  propulsion  system  is  used  to  correct 
'aunch  vehicle  injection  errors,  perform  orbit  trim 
maneuvers  and  de-boost  if  required. 

Structures  and  Mechanisms 
Major  bus  structure  components  arc;  the  frame, 
equipment  panels,  propulsion  module,  and  interface 
ring.  The  modular  design  allows  subsystem  mounting 
while  maintaining  alignments  during  test, 
transportation,  and  storage.  The  modular  approach  also 
reduces  part  count  and  assembly  spans.  Tlie  interface 
ring  provides  the  structural  load  path  between  the  bus 
structure  and  launch  vehicle.  Graphite-epoxy 
composite  (Gr/E)  was  selected  over  a  metallic  material, 
for  both  primary  and  secondary  structure,  after 
conducting  trade  studies.  Gr/E  provides  a  stable  (near 
zero  CTE)  structure  to  meet  and  maintain  attitude 


control  sensor  pointing  accuracy.  The  Gr/E  structure 
saves  4.9  kilograms  over  Al/Li  and  7.9  kilograms  over 
Al.  The  primary  stfucture  provides  continuity,  strength 
and  rigidity  between  the  payload  and  the  interface  ring. 

Space-Ground  Link  System  (SGLS)  and  high  data-rate 
antennas  stow  against  the  vehicle  and  deploy  on  hinges. 
Spring  driven  mechanisms  deploy  both  antennas  and 
the  solar  arrays.  Each  solar  array  gimbal  is  driven  by 
small  motors  and  reducers.  Rex  harness  and  slip  rings 
carry  electrical  power  and  telemeu^  across  the  joints. 

Thermal  Control 

Temperature  exu'emes  allowed  in  other  subsystems 
drive  the  satellite  thermal  subsystem.  Assuming  the 
general  case  using  a  non-sun  synchronous  orbit, 
TaeSats  would  not  have  "hot"  and  "cold"  sides,  as  the 
thermal  environment  varies  on  the  satellite  sides 
depending  on  inclination  and  lime  of  year.  A  TacSai  is 
subject  to  many  eclipse  cycles  and  must  be  designed  to 
accommodate  them.  For  example,  components  that 
operate  during  the  sunlit  portion  of  the  orbit  would  have 
a  significant  thermal  radiation  area  to  reject  both 
internal  and  incident  heat.  Unfortunately,  when  this 
surface  is  in  eclipse,  heater  power  must  now  maintain 
the  item  with  the  larger  radiator  sized  for  the  full-sun 
operation  case.  Albedo  and  earthshine  (planet  IR 
healing)  also  influence  LEO  vehicle  environments. 

TT&C 

Figure  17  shows  the  two  major  communication  system 
hardware  groups.  User  support  is  prov.ded  by  an 
encrypted  two-way  common  data  link  (CDL)  at  X- 
Band.  A  small  steerable  downlink  dish  can  provide 
about  274  mcgabit/sec  in  LEO  orbits.  The  up-link 
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provides  ample  capacity  into  an  omni  antenna  at  16  or 
200  kbps.  This  is  the  primary  user  payload  control  link 
but  could  support  housekeeping,  as  an  SGLS  alternate. 

Centralized  control  and  maintenance  reduce  the  user's 
workload.  Because  the  spacecraft  would  perform 
normal  systems  management,  housekeeping  could  be 
done  from  a  small  ground  station,  collecting  telemetry, 
correcting  anomalies,  etc.  Continued  house  keeping  for 
a  large  constellation  requires  a  larger  mission  control 
center.  Existing  launch  command  and  control  resources 
are  a  choice  for  launch  and  early  orbit  functions. 
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Figure  17.  Typical  TaeSat  Comm  Data  Links 


Weight  and  Power 

Figure  18  shows  a  summary  level  weight  and  power 
budget  of  a  typical  TaeSat  in  the  small  satellite  (450 
kilogram)  class.  With  the  use  of  advanced  composites, 
high  efficiency  electric  power  generation  and  storage 
devices,  and  advanced  digital  technology,  a  TaeSat 
could  achieve  a  high  payload  to  total  dry  mass  ratio. 
The  spacecraft  dry  weight  is  about  45%  payload, 
(sensor  and  data  link)  and  the  rest  is  the  bus.  The 
electrical  power  requirement  estimate  is  about  480 
watts  average.  The  power  system  is  driven  by  the 
sensor  duty  cycle,  eclipse  operations  and  cooling 
power,  etc.  The  68  kilograms  of  propellant  supports 
injection  and  drag-makeup  for  1-  2  years. 
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Figure  18.  Typical  TaeSat  Weight  &  Power  Budget 


TACSAT  Implementation 

Implementation  Plan 

TaeSat  concepts  have  been  discussed  for  many  years. 
Changes  in  the  international  climate  now  make 
surveillance  TaeSats  the  right  capability  at  the  right 
time.  Potential  users  now  have  a  better  understanding, 
gained  in  the  Persian  Gulf,  of  the  value  of  space  based 
surveillance  data.  System  developers  have  learned  to 
think  of  space  surveillance  from  the  field  commander's 
perspective.  Finally,  many  TaeSat  .system  elements  are 
being  developed  for  other  purposes.  For  these  reasons. 


and  budgetary  realities,  the  time  is  right  to  begin  a 
phased  TaeSat  development  and  acquisition  program. 

Since  the  TaeSat  concept  centers  on  directly  satisfying 
user  needs,  implementation  efforts  must  include 
continuous  user  involvement.  This  involvement  could 
start  with  two  simulations.  The  first  would  provide 
users  with  sample  sensor  data  of  various  scene  types  to 
assess  their  utility  and  value.  The  second  simulauon 
would  educate  potential  users  about  TaeSat  command 
and  control  strategy,  planned  sensor  tasking  and  how 
they  would  receive,  process  and  exploit  the  data. 

While  both  simulations  could  be  done  in  a  laboratory 
environment,  a  portion  of  the  process  should  be  folded 
into  military  exercises.  The  user  feedback  will  establish 
quantitative  criteria  for  the  TaeSat  system  design  based 
on  user  needs.  Simulated  sensor  data  for  such  an 
evaluation  program  could  be  generated  before  the  event 
using  processed  airborne  imagery.  Imagery  of  typical 
battlefield  objects  and  subsequent  computer  processing 
to  vary  image  quality  would  allow  the  users  to  fully 
assess  the  utility  of  vanous  data  types  and  qualities. 

Once  design  criteria  arc  established,  the  TaeSat 
demonstration  and  validation  program  would  begin. 
Ihc  program  would  be  initiated  with  the  first  TaeSat 
and  a  few  user  ground  terminals.  .Activities  planned,  or 
now  underway,  indicate  that  mo.si  of  the  systems 
required  for  a  demonstration  will  be  available  "off-the- 
shelf."  The  major  exception  i.s  the  multi-spectral 
sensor.  However,  its  development  risks  are  nominal  as 
most  of  the  components  arc  cither  commercially 
available  or  of  straightforward  design  and  fabrication. 

It  is  likely  that  the  spacecraft  bus  will  be  available  as  a 
derivative  of  the  U.S.  Air  Force's  Advanced 
Technology  Standard  Satellite  Bus  (ATSSB)  or  other 
program.  There  should  be  at  least  one  viable  candidate 
launch  vehicle  for  this  Dem-Val  phase.  The  Taurus 
booster  should  be  available  and  it  is  likely  that  another 
launch  system  will  emerge  to  support  IRIDIUM 
program  operations  and  maintenance  launches. 

Satellite  control  for  the  TaeSat  Dem-Val  phase  could  be 
done  effectively  as  a  factory  effort  by  the  developer. 
Commercially  available  hardware  would  be  employed 
for  user  ground  stations.  Software  would  be  a 
combination  of  existing  program  and  unique  code. 

A  Dem-'Val  program  would  allow  demonsuation  of: 

•  Distnbuted  Architecture  Proof  of  Concept 

•  Low  Cost  Satellite  Conuol 

•  Multiple  User  Support 

•  User  Tasking  Effectiveness 

•  Local  User  Processing  &  Exploitation 

The  demonstration  program  would  provide  an  initial 
operational  capability  that  could  expand,  as  shown  in 
Figure  19.  The  infrastructure,  once  established,  could 
support  other  payloads  to  form  a  mixed,  highly  capable 
tactical  surveillance  system. 

A  phased,  "Dem-Val "  TaeSat  implementation  strategy 
would  provide  a  test-bed  to  evaluate  TaeSat  system 
utility,  provide  multi  spectral  imagery  in  many  bands 


covering  a  variety  of  scenes,  assess  the  benefits  of 
timely,  medium  resolution  MSI,  provide  an  interim 
treaty  monitoring  capability,  and  familiarize  military 
users  with  tasking ,  direct  control  and  data  exploitation. 
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Figure  19.  TacSal  Operational  Transition  Plan 


Deplotment  and  l.aunch  Options 
An  operational  TaeSat  system  must  provide  a  high  level 
of  dependability  and  timely  accc.ss  to  data.  The  number 
of  satellites  available  direedy  drives  the  system's  ability 
to  satisfy  these  needs.  A  single  satellite  can  only 
provide  a  few  opportunities  per  day  to  image  a  given 
target  area.  If  there  are  conflicting  data  requirements 
from  multiple  targets  in  a  given  geographic  area,  or  if 
there  are  specific  time  windows  or  other  constraints,  a 
single  satellite  may  not  provide  timely  support.  In 
addition,  the  dependability  of  a  single  .satellite  will 
always  be  at  risk.  Therefore,  it  is  very  likely  that  an 
operational  TaeSat  system  will  require,  in  some  way, 
multiple  satellites.  This  need  can  be  satisfied  in  one  of 
two  ways,  and  selection  will  be  heavily  affected  by  the 
launch  capabilities  that  emerge  in  the  next  few  years. 

If  a  quick  reaction  launch  system  becomes  available,  a 
flexible  approach  to  a  TaeSat  capability,  when  and 
where  it  is  needed,  would  be  practical.  Satellites  and 
launch  vehicles  could  be  stored  for  call-up  and  launch 
in  days  when  a  security  emergency  requires  support. 
To  maintain  readiness,  a  satellite  would  occasionally  be 
launched  under  exercise  conditions.  These  would 
provide  a  level  of  continuous  capability  for  non-crisis 
activities,  such  as  training  and  treaty  monitoring.  With 
this  capability,  satellites  could  be  launched  into 
situation-specific  orbits  to  increase  the  available 
coverage  for  a  given  emergency. 

The  absence  of  a  quick  reaction  launch  system  would 
lead  to  a  different  strategy.  This  scenario  would  be 
served  by  in-pJace  TaeSats,  forming  a  permanent 
constellation.  Here,  the  satellites  would  be  in  general 
purpose  orbits  covering  the  earth.  A  set  of  near-polar 
sun-synchronous  orbits  would  be  likely.  For  coverage 
and  dependability,  the  constellation  would  consist  of 
two  or  three  satellites.  Their  phasing  would  be  different 
but  altitude  and  inclination  would  be  similar.  Assuming 
current  boosters,  the  concept  is  to  launch  the  entire 
constellation  on  a  single  medium  booster.  A  similar 
launch  every  few  years  allows  for  planned  replacement, 
constellation  enhancement  or  capability  upgrades. 

Initialing  a  Dem-Val  process  for  TacSals  does  not 
require  an  early  answer  to  the  question  of  how  an 
operational  system  will  be  deployed  and  launched. 
There  is  a  good  chance  that  the  IRIDIUM  program's 


O&M  requirements  will  provide  the  foundation  lor  a 
quick  reaction  launch  system  with  adequate  capability 
for  TaeSat  use.  If  this  does  not  occur,  the  permanent 
constellation  of  multiply  launched  satellites  can  satisfy 
operational  needs  with  exi.sting  launch  vehicles. 

SUMMARY 

We  now  have  the  opportunity  to  provide  our  military 
forces  with  a  cost  effective  force  multiplier.  This 
opportunity  cxi.sts  because: 

1)  Military  organizations  are  learning  how  data  from 
space  can  be  used  to  enhance  the  effectiveness  of 
existing  and  planned  force  structures. 

2)  The  technologies  needed  for  smaller,  very  capable 
surveillance  satellites  cxi.st.  generally  off-the-shelf. 

3)  Commercial  space  programs  and  various  government 
developments  arc  providing  the  economic 
foundation  that  will  make  mo.st  key  TaeSat  system 
elements  available  at  affordable  costs. 

The  single  major  unfunded  development  required 
before  launch  of  the  first  TaeSat  is  for  the  .sensior. 
Undertaking  that  development  would  allow 
demonstration  of  the  tactical  benefits  of  multi-spccual 
imagery  and  lead  to  the  introduction  of  growing 
capabilities  for  military  support  from  space. 

In  an  unstable  global  security  transition  era,  flexible, 
multi-purpose  space  assets  arc  c.sscntial.  Multi-spccu’al 
imaging  offers  tactical  u.scrs  enhanced  capabilities  not 
currently  available.  A  user  tasked,  mulli-role  MSI 
sensor  and  spacecraft  can  form  a  practical  TaeSat 
system.  The  premise  for  and  the  validity  of  TaeSats 
have  been  substantiated  based  on  the  technical  analysis 
presented.  It  is  the  authors'  opinion  that  TaeSats  should 
be  implemented  with  a  sense  of  national  and  allied 
urgency  and  necessity. 
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Discussion 


Question;  Would  a  reduction  in  altitude  allow  the 
size,  mass,  and  cost  of  the  optical  system  be  reduced 

Reply:  Yes,  a  lower  altitude  would  reduce  the  optical 
system  weight  but  at  the  expense  of  reduced  coverage. 
Also,  the  increased  drag  would  increase  fuel 
requirements;  thereby,  offsetting  the  optics  weight 
reduction.  The  likely  affect  is  a  push  on  weight  and 
reduced  coverage. 


Question:  What  is  approximately  the  total  mass  of 
the  space  segment  under  discussion  or  in  your  paper? 

Reply:  The  approximate  mass  of  the  concept  is  458kg 
including  fuel  and  a  contingency  of  20%. 
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Abstract 

Information  derivable  from 
Meteorological  satellites  are  reviewed  in 
terms  of  their  applicability  to  military  use. 
Potential  TACSAT  meteorological 
systems  are  discussed  in  terms  of  GEO 
and  LEO  payloads  currently  in  operation. 


1.  Introduction 

Knowledge  of  changes  in  weather 
conditions  could  provide  essential 
information  in  numerous  military 
scenarios.  Such  information  has  been 
obtained  for  many  years  from  both  civil 
and  military  satellite  systems  and  is  now  a 
well  established  technology  with  the 
accuracy  of  information  retrieval  and 
processing  continually  improving. 

Meteorological  data  can  relate  to  either 
actual  regional  variations  or  to  predictions 
of  changes  for  a  given  area.  Both  types  of 
information  could  be  of  considerable  use 
to  a  ground  commander.  For  military 
operations  involving  the  movement  or 
deployment  of  men  and  eouipment, 
frequent  and  accurate  regional  weather 
maps  and  forecasts  would  be  of  great 
assistance  with  operational  planning. 
Furthermore,  meteorological  data  would 
also  play  a  significant  role  in  the  tactical 
and  strategic  deployment  of  forces  in  both 
defensive  and  offensive  operations. 

The  present  paper  aims  to  explore  the 
applicability  of  meteorological 
measurements  from  dedicated  satellite 
systems  to  support  possible  tactical 
military  operations.  The  principles  of 
atmospheric  physics  and  the  theory  of 
meteorological  data  processing  are 
outside  the  scope  of  this  paper  and  are  not 
considered  here.  Of  more  importance  is 


the  relevance  of  atmospheric  parameters 
which  could  be  measured  through  a 
dedicated  tactical  meteorological  system. 
These  requirements  are  reviewed  in 
section  2. 

To  ascertain  what  information  could  be 
retrieved  from  such  a  TACSAT  payload, 
section  3  discusses  the  capabilities  of  a 
number  of  current  civil  and  military 
meteorological  payloads  which,  it  is  felt, 
demonsirate  how  the  requirements  of  a 
ground  commander  can  be  met.  The 
central  discussion  will  be  based  on  the 
METEOSAT  series  of  satellites  together 
with  its  companion  satellites  which  form 
part  of  a  global  monitoring  system. 
Although  a  lull  review  of  meteorological 
payloads  cannot  be  given  here,  the 
payloads  which  are  discussed  are 
considered  to  be  relevant  to  TACSAT 
applications  and  indicate  what 
measurements  can  be  performed. 

Satellite  systems  can  take  the  form  of 
either  Geostationary  Eanh  Orbit  (GEO) 
or  Low  Earth  Orbit  (LEO),  me  choice  of 
orbit  being  dependent  on  tue  resolution, 
ground  coverage  and  data  rates  as  well  as 
the  scan  characteristics  of  the  satellite 
payload.  A  funher  distinction  between 
G£0  and  LEO  satellites  is  that  the 
former  employs  passive  sensors  whereas 
the  latter  can  also  utilise  quite  recent 
developments  in  active  sensing  of  the 
atmosphere.  Active  sensors  (sucb  2is 
LIDARS)  are  not  considered  in  any  detail 
in  this  paper.  However,  it  should  be  noted 
that  they  are  becoming  increasingly 
important  and  do  represent  important 
advances  in  meteorolo^cal  systems. 

In  section  4,  the  features  identified  in 
section  2  and  the  systems  presented  in 
section  3  are  brought  together  and 
discussed  in  the  context  of  meteorological 
TACSAT  payloads.  Additional  needs  of 
TACSAT  systems  which  are  not  currently 
met  by  meteorological  payloads  are 
reviewed  in  terms  of  extensions  to  present 
satellite  systems.  Finally,  an  assessment  is 
offered  on  the  usefulness  of 
meteorological  payloads  in  a  TACSAT 
role. 

2.  Requirements  Review 

Atmospheric  conditions  clearly  play  a 
major  role  in  military  operations  and  must 
influence  decisions  made  by  a  local 


commander.  Parameters  of  interest 
include: 

i)  cloud  location; 

ii)  direction  and  speed  of  cloud 
movements; 

iii)  degree  of  cloud  cover; 

iv)  cloud  altitude; 

v)  wind  speeds  and  direction; 

vi)  rain  and  snow  conditions; 

vii)  flood  warnings; 

viii)  fog  conditions. 

Cloud  location,  cover  and  altitude  are 
important  measurements  required  for 
both  day  and  night  operations  since  they 
limit  airborne  visioility  and  ground 
illumination.  Additionally,  cloud  cover 
controls  ground  temperature  which  in 
turn  impacts  on  personnel  and  equipment. 
Coupled  to  this  is  the  direction  and  speed 
of  cloud  movement  which  can  be  used  to 
provide  forecasts  of  cloud  cover. 

Wind  speeds  and  directions  are  also 
important  parameters  particularly  at  a 
ground  level.  For  example  the  deployment 
of  smoke  screens  and  firing  directions  of 
weapons  are  dependent  on  wind  velocity. 
In  desert  terrains,  wind  conditions  will 
govern  sand-storms. 

Rain  and  snow  not  only  affect  visibility 
but  are  also  be  very  restrictive  for  ground 
operations.  Warnings  of  potential 
flooding  and  fog  condition  would  also  be 
of  obvious  use  to  a  ground  commander. 

Meteorological  measurements  of  the 
above  parameters  are  required  during 
both  day  and  night. 

In  addition  to  the  measurements  of  the 
conditions  present  in  a  given  region,  other 
aspects  of  meteorology  must  be 
considered.  These  include  the  rate  at 
which  weather  information  is  updated  as 
well  as  the  forecasting  period.  In  order  to 
provide  a  major  advantage,  the 
meteorological  data  should  be  updated  on 
a  timescale  of  minutes  rather  than  hours. 
Another  important  factor  is  that  the 
meteorological  measurements  and 
forecasting  are  already  both  accurate  and 
reliable. 

Finally,  the  format  of  the  data  presented 
to  the  local  commander  needs  careful 
consideration  to  ensure  that  the  essential 
information  is  readily  accessible  and 


clear.  Furthermore,  the  method  and 
technology  available  for  transmitting  / 
reouesting  the  data  must  be  compatible 
witn  the  theatre  of  military  operations. 


3.  Present  Meteorological 
Payloads 

3.1  Meteorology  -  Global  Monitoring 

The  World  Meteorology  Organisation 
(WMO)  is  responsible  for  providing 
global  coverage  of  meteorological  data. 
The  network  is  illustrated  in  Figure  1. 

Currently,  there  are  five  GEO  satellites 
positioned  at  various  points  around  the 
equator  at  an  altitude  of  approximately 
36,000km.  In  addition  lo  these,  there  are  a 
number  of  polar  satellites  (in  a  LEO) 
which  operate  at  an  altitude  of 
approximately  850km.  Table  1  provides  a 
summary  of  some  of  the  key  features  of 
these  meteorology  satellites. 

The  primary  role  of  the  geostationary 
satellites  is  to  provide  cloud  imagery  at 
regular  intervals  of  approximately  30 
minutes.  Meteosat,  which  forms  part  of 
the  GEO  ring  is  discussed  in  more  detail 
in  the  next  seuiion. 

Apan  from  their  imaging  role,  the  ring  of 
satellites  also  serve  a  number  of  other 
functions  including  the  transmission  and 
relay  of  meteorological  data  from  both 
ground  stations  and  other  satellites.  They 
also  can  be  used  to  relay  processed 
meteorological  data  between  the  ground 
processing  centre  and  the  users  of  data. 

The  polar  satellites  are  sun-synchronous 
and  each  orbit  is  stepped  with  respect  to 
the  previous  such  that  a  full  earth 
coverage  is  achieved  twice  per  day  from 
each  satellite.  The  main  purpose  of  these 
satellites  is  to  monitor  clouds,  surf  ce 
temperatures  and  vegetation  cover. 

3.2  Meteosat  Operational  Programme 

The  basic  design  Meteosat  Operational 
System  and  its  main  instrument,  the 
Imaging  Radiometer,  is  over  25  years  old. 
However,  because  of  the  success  of  the 
Meteosat  Operational,  Programme 
(MOP),  a  further  model  (with  possibly  a 
second  to  follow  next  year)  is  currently 
being  built.  This  is  the  Meteosat 


Transitional  Programme  (MTP)  and 
bridges  to  gap  to  the  Meteosat  Second 
Generation  (MSG)  as  discussed  in  section 
3.3.  A  historical  review  of  the  Meteosat 
Programme  can  be  found  in  reference  1. 

Meteosat  is  a  spin-stabilised  satellite 
whose  axis  of  rotation  is  aligned  with  the 
Earth’s  North-South  Poles.  The  east  west 
scan  is  achieved  through  the  rotation  of 
the  satellite  and  the  north  south  scan  is 
accomplished  by  a  scanning  mirror. 

The  key  parameters  of  Meteosat  are 
summansed  in  table  2. 

Meteosat  has  three  key  roles.  Firstly,  it 
provides  images  of  the  Earth  at  longitude 
0^^  which  are  then  transmitted  to  a  ground 
processing  station.  Its  second  role  is  to 
distribute  the  processed  data  to  user 
stations  and,  thirdly,  it  provides  a  point  of 
data  collection  and  distribution  from 
other  meteorological  stations. 

The  raw  data  is  processed  at  a  ground 
station  and  the  following  information  is 
derived: 

-  cloud-motion  and  winds 

-  sea-surface  temperatures 

-  cloud  top  height  maps 

-  cloud  coverage  data 

-  precipitation  indices 

The  processed  images  are  transmitted,  via 
the  Meteosat  down-link  channel,  at  a 
transmission  rate  of  2400  b/s.  The 
resolution  of  the  processed  images  is 
lower  than  that  of  the  radiometer. 
Typically,  the  cloud  top  height  maps  are 
resolved  on  a  grid  size  of  20km  whilst  the 
grid  for  the  other  parameters  is  200km. 

Meteosat  comprises  three  spectral  bands, 
one  visible  and  two  IR  bands.  The  visible 
channel  is  used  to  provide  high  resolution 
cloud  images  during  daylight.  The  thermal 
IR  band  provides  images  continuously 
since  it  relies  on  the  thermal  radiance 
from  the  clouds.  The  IR  WV  channel 
rovides  an  atmospheric  distribution  of 
umidity  in  cloud  free  regions  and  also 
provides  images  of  cloud  tops. 

Two  detector  units  are  used,  one  for  the 
visible  channel  and  one  which  combines 
the  IR  WV  and  IR.  The  detectors  as  such 
are  single  element  devices  with  very  high 
(quantum-limited)  performance,  the 
layout  being  illustrated  in  Figure  2. 


3.3  Meteosat  Second  Generation 

MSG  is  the  replacement  system  for  the 
payload  design  in  the  operational  and 
translational  programmes.  It  cornprises 
more  waveband  channels  in  the  WV  and 
IR  and  has  multiple  narrow  spectral  bands 
in  the  visible  ^ectrum.  Like  MOP  and 
MTP,  the  MSG  satellite  system  will  be 
spin  stabilised,  with  a  spin-rate  of  lOOrpm. 
Ground  resolution  is  improved, 
corresponding  to  1.4km  in  the  visible  and 
4.8km  in  the  WV  and  IR. 

A  notable  feature  of  the  proposed  system 
is  that  it  produces  a  full  Earth  image  in  12 
minutes.  The  calibration  and  stabilisation 
time  is  3  minutes  and  the  subsequent 
repeat  cycle  is  15  minutes. 


3.4  DMSP 

The  DMSP  (Defense  .Meteorological 
Satellite  Programme)  is  a  US  military 
programme  comprising  two  orbiting 
satellites.  The  flight  history  of  the  DMSP 
began  in  1965  but  remained  classified 
until  the  mid-70’s.  The  satellite  operates 
in  a  heliosynchronous  orbit  of  altitude  of 
approximately  800  km  and  is  a  3-axis 
stabilised  platform. 

The  DMSP  satellites  contain  three 
payloads.  The  first  of  these  is  the  OLS 
(Operational  Linescan  System)  which 
provides  visible  and  IR  cloud  imagery. 
The  second  instrument  is  the  SSM/I 
(Special  Sensor  Microwave  /  Imager) 
which  gives  information  on  precipitation, 
water  vapour,  snow  cover  and  sea  /  glacier 
ice.  The  third  instrument  is  the  SSM/T 
(Special  Sensor  Microwave  / 
Temperature)  and  this  provides  surface 
temperatures,  vertical  moisture  and 
temperature  profiles. 


4.  Discussion 

From  the  few  examples  described  in 
section  3,  it  can  be  stated  that  present 
meteorological  systems  are  capable  of 
measuring  many  of  the  parameters 
indicated  in  the  requirements  review  of 
section  2. 

The  concept  of  the  five  GEO  satellites 
which  provide  global  coverage  is 
appealing  for  potential  TACSAT  systems 
since  continuous  monitoring  of  a  ground 


position  can  be  achieved.  Furthermore, 
the  ability  to  reposition  satellite  platforms 
in  orbit  in  order  to  maximise  system 
sensitivity  at  a  given  longitude  ensures 
that  the  spatial  resolution  is  optimised. 

The  data  processing  and  re-distribution  of 
meteorological  information  of  current 
system  also  lends  itself  to  the  TACSAT 
concept.  However,  the  format  of  data 
presentation  may  need  further 
development  to  ensure  that  the 
information  presented  is  in  the  most 
us.;ful  form.  There  may  also  be  a 
requirement  for  ‘real-time'  interrogation 
of  the  TACSAT  system. 

Through  the  appropriate  selection  of 
spectr^  channels,  meteorological  data  is 
obtained  on  a  24  hour  basis.  By  selecting 
the  appropriate  spectral  bands  and  then- 
associated  spectral  widths,  the  most 
appropriate  information  can  be  obtained. 
jMthough  present  meteorological  systems 
provide  much  of  the  data  likely  to  be 
required  by  the  theatre  commander,  the 
emphasis  on  spectral  bands  for  a 
TACSAT  may  be  different  and  a  full 
analysis  would  be  required.  Indeed,  the 
system  demands  may  be  such  that  a 
variable  band-pass  should  be  employed 
through  the  use  of  diffraction  graungs  or 
tunable  interference  filters. 

For  a  TACSAT  system  operating  in  GEO, 
it  is  unlikely  that  full  Earth  coverage  will 
be  required.  A  possible  concept  would  be 
zones  of  meteorological  data  centred  on 
the  location  of  interest.  The  observation 
or  dwell  times  on  a  given  region  v'ould 
then  be  controlled  through  a  pi -set 
weighting  scale  or  by  request  from  a 
ground  commander. 

A  possible  need  from  a  GEO  TACSAT 
system  is  to  produce  higher  resolution 
images  than  are  currently  available,  if 
such  a  need  is  to  be  satisfied,  the 
following  points  will  need  to  be 
considered: 

i)  scan  mechanism  /  beam  deflection 
ti)  signal  to  noise  ratio 

iii)  detector  configuration 

iv)  achievable  resolution 

v)  satellite  platform 

Firstly,  the  satellite  platform  can  be  either 
spin  or  three-axis  stabilised.  For  the 
former  case,  the  satellite  spin  gives  one 


scan  axis.  However,  this  is  generally  a 
fixed  value  and  cannot  be  optimised  for  a 
given  application.  A  three-axis  stabilised 
system  has  its  longitude  and  latitude  scans 
generated  through  a  scan  mirror 
arrangement.  This  then  provides  a  more 
flexible  system.  Additionally,  the  dwell 
time  for  signal  integration  can  be 
selectively  controlled  to  optimise  signal  to 
noise  ratio,  image  repetition  frequency 
and  image  size. 

The  detector  configuration  is  also  an 
option  which  needs  funher  consideration. 
For  MOP,  single  element  detectors  were 
used  and  this  provided  a  relatively  simple 
imaging  system.  Alternatively,  a  staring 
array  could  be  used.  In  this  case  a 
boresight  pointing  system  would  be 
required.  Although  this  may  ^e  an 
attractive  option  since  the  scan 
mechanisms  are  simplified,  it  may  be 
difficult  to  obtain  an  IR  array  of  the 
required  diinensions.  For  example  an  area 
of  1000  km^  with  a  resolution  of  1  km 
would  require  a  1024  x  1024  array. 

A  different  approach  may  be  to  use  a 
linear  array  whose  projected  image  is 
swept  across  the  area  of  interest.  Large 
linear  arrays  can  be  produced  by  abutting 
techniques  nr  by  having  arrays  in 
phv-sically  distinct  but  in  an  optically 
overlapping  image  plane.  Other  points 
would,  however,  have  to  be  considered 
before  adopting  such  an  approach.  These 
include  signal  to  noise  ratios,  multiple 
waveband  channels  and  detector  cooling. 

The  telescope  system  must  be  capable  of 
providing  the  resolution  within  its 
diffraction  limit.  This  then  sets  a 
requirement  on  the  telescope  apenure 
and  angular  magnification.  For  the  case  of 
1  km  resolution,  an  Uj  ermre  diameter  of 
approximately  500  mm  would  be  required 
with  a  magnification  of  typically  10. 
Current  telescope  system  designs  have 
shown  that  these  parameters  can  be 
readily  met. 

A  major  benefit  from  a  TACSAT 
meteorological  capability  will  be 
independence  from  civilian  systems  and 
national  forecasting  services  so  that  in  the 
event  of  a  major  crisis  during  which  the 
civil  assets  may  be  switch;-:d  off  for 
reasons  of  security,  meteorological 
forecasting  is  not  lost  to  the  Theatre 
commander. 


A  viable  forecasting  system  could  be 
supponed  by  2  or  (preferably)  3  satellites 
which  would  provide  12  or  8  hour  repeat 
cycles.  A  payload  of  a  single  radiometer 
operating  in  the  IR  would  provide 
imagery  at  a  sufficiently  fine  spatial 
resolution  to  support  a  sounding 
capability  yielding  data  for  cloud  coyer, 
rain  cloud  temperature,  cloud  top  height 
(when  used  in  conjunction  with  a 
numerical  model),  and  forecasting  over 
several  days. 

If  short  term  forecasting  only  was 
required,  a  geostationary  TACSAT  with 
an  IR/optical  imager  and  a  limited 
sounding  capability  would  probably 
suffice  if  used  in  conjunction  with  a 
skilled  local  forecaster. 

Both  GEO  and  LEO  satellites  can  provide 
mechanisms  for  deriving  meteorological 
data  suitable  for  use  by  a  ground 
commander.  Both  have  advantages  and 
disadvantages,  the  importance  of  which 
depends  on  the  exact  requirements  of  the 
TACSAT  system.  However,  it  may  prove 
necessary  to  form  a  TACSAT  from  both 
LEO  and  GEO  payloads.  Such  an 
integrated  system  would  provide  the 
maximum  flexibility  possible  for 
meteorological  data  extraction. 


5.  Conclusions 

The  concept  of  a  meteorological 
TACSAT  system  has  been  adaressed 
through  a  review  of  current  payloads  and 
military  requirements.  The  use  of  the 
GEO  systems  is  ,een  as  being  particularly 
attractive  since  these  can  provide 
continual  observation  as  well  as  a  data 
transmission  link.  LEO  payloads  are  seen 
as  a  complement  to  those  in  GEO  and  can 
offer  a  number  of  additional  benefits. 
Indeed,  for  complete  atmospheric 
monitoring  and  data  extraction,  both  LEO 
and  GEO  satellites  are  necessary. 

From  review  of  the  possible  military 
requirements,  it  is  considered  that  present 
meteorological  payloads  can  provide 
otentially  useful  information, 
urthermore,  current  technology  can 
offer  improvements  which  could  lead  to  a 
viable  TACSAT  system. 

The  potential  value  of  a  dedicated 
TACSAT  meteorological  system  appears 


to  hinge  on  the  possible  need  to  replace 
meteorological  data  derived  from  civil 
sources  which  may  be  switched  off  in  time 
of  crisis,  and  the  tactical  need  for  the 
timely  delivery  of  processed  data. 

A  tactical  meteorological  system  based  on 
2  or  3  Low  Earth  Orbiting  satellites  could 
provide  data  adequate  for  forecasting  up 
to  several  days  ahead,  and  compensate  for 
the  loss  of  civil  data  sources,  should  those 
be  switched  off  auring  a  crisis.  If  such 
assets  are  not  switched  off  then  current 
GEO  systems  provide  full  Earth  cloud 
maps  at  a  refresh  rate  of  typically  30 
minutes  which  is  adequate  tor  global 
monitoring.  However,  there  may  be  a 
requirement  for  military  operations  in 
which  the  provision  of  a  mon  rapid 
update  over  an  area  much  smaller  than 
the  global  image  would  be  of  value.  Such 
a  system  could  be  obtained  through  only  a 
minimal  development  of  current 
technology  and  in  conjunction  with  global 
imagery,  would  provide  sufficient  data  to 
enable  shon  term  forecasting. 

The  ultimate  assessment  of  the  need  for  a 
meteorological  system  and  its  subsequent 
performance  characteristics  falls  to  the 
various  Ministries  and  Departments  of 
Defense.  However,  it  is  felt  that  the 
technical  capability  to  provide  a  variety  of 
tactical  meteorological  systems  has  been 
demonstrated. 


6.  Statement  of  Responsibilty 

Any  views  expressed  are  those  of  the 
author(s)  and  do  not  necessarily  represent 
those  of  HM  Government. 
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Figure  2  Meteosat  Detector  Layout 


Table  2 


Meteosat  Key  Parameters 


Discussion 


Question:  You  put  great  emphasis  on  GEO  meteorological 
satellites,  but  these  cannot  give  full  polar  coverage. 
Could  you  comment  on  the  significance  of  this  incomplete 
coverage . 

Reply:  There  is  an  anticipation  that  if  a  crisis/theater 
operation  -were  to  occur,  then  that  operation  is  more 
likely  in  lattitudes  remote  from  the  poles.  The  objection 
voiced  to  LEO  sensors  was  based  on  the  relatively 
long  revisit  times  associated  with  polar  LEO  satellites. 
However,  near  the  poles,  revisit  times  are  much  more 
frequent  and  will  probably  provide  short  term  data. 


Panel  Discussion 


Comment:  TACSATS,  like  all  satellites,  are  useful 
only  as  "trucks"  which  provide  data  to  supported 
commanders.  Where  deployment  distances  and 
strategic/operational  depths  are  large,  as  in  Desert 
Storm,  spacecraft  are  useful.  In  other  situations, 
such  as  the  US  intervention  in  Grenada,  spacecraft 
are  useless  because  of  dwell  and  ...  limitations. 

What  we  should  do  is  to  examine  the  functions  performed 
{ comms ,  nav,  etc.);  remember  that  these  functions 
are  as  old  as  warfare  and  not  unique  to  space;  and 
then  find  a  means  to  determine  when  other  means  of 
support  are  more  appropriate  from  spacecraft. 


Question:  This  is  a  conference  about  tactical,  low 
cost,  lightsat  concepts. 

Reply:  Possibly  yes,  but  the  confusion  comes  from 
the  mere  existence  of  systems  providing  support  to 
the  theater  and  that  dedicated  systems  can  only  be 
deployed  if  they  are  low  cost,  hence  lightsat. 


Question:  There  may  be  problems  of  jamming  TACSATS. 

Reply;  Yes.  Probably  more  for  SAR  than  optical  systems. 
Nevertheless,  means  exist  to  reduce  such  damaging 
effects  to  a  radar,  in  general.  It  may  be  worthwhile 
to  develop  some  tests  to  better  assess  how  to  cope 
with  the  jammer  threat. 
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